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We  have  measured  the  reaction  cross-sections  for  the 
reaction  '"B(p,ct)  Be  for  proton  energies  from  0.8  to  2.5 
MeV,  the  '  ^  B  ( d  ,  a )  B  e  reaction  for  deuteron  energies  of  0.8 
to  4.0  MeV,  and  the  '  0  B ( a , a )  reaction  for  alpha  energies 
from  4.0  to  9.0  MeV.   In  each  case  resonances  are  observed 
which  might  suggest  the  existence  of  alpha-particle  con- 
figurations in  the  appropriate  compound  nucleus.   In  the 
case  of  '  '  C  ,  we  see  two  states  which  appear  to  be  'Be  +  a 
and   Be*43  +  a •   ^n    C>  we  again  see  two  states  which 
might  be  interpreted  as  °  B  e  +  a  and  °  B  e  £  g  +  a  configura- 
tions.  The  present  measurement  of  the  reaction  '  °  B  ( a  ,  a  ) 
extends  the  previous  measurements  to  higher  energies. 
The  data  for  4  <  E  a  <  7  MeV  are  dominated  by  several  strong 
resonances  which  have  been  fitted  using  an  R-matrix  calcu- 
lation. 
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CHAPTER  I 
INTRODUCTION 


It  is  well  known  that  the   He  nucleus  or  alpha  parti- 
cle is  a  strongly  bound  low  mass  nuclear  system.   This  fact 
has  led  to  the  development  of  "cluster  models"  with  the  hope 
of  simplifying  the  explanations  of  level  structures  in 
certain  nuclei  (e.g.  ,  [W  i  6  6] ) .   The  most  successful  applica- 
tions of  this  model  have  been  in  dealing  with  alpha-particle 
nuclei,  i.e.,  those  light  even-even  nuclei  which  have  atomic 
numbers  evenly  divisible  by  four,  such  as  '^C  or    Ne.   As 
an  extension  of  this  picture,  it  has  been  suggested  that  as 
soon  as  the  excitation  of  a  compound  system  is  high  enough 
to  allow  alpha  decay,  there  may  be  a  tendency  for  the  forma- 
tion of  a  relatively  stable  alpha  cluster  outside  an  A-4 
core,  with  any  excess  energy  used  in  exciting  the  core  of 
remaining  nucleons.   If  this  configuration  does  occur,  we 
might  expect  to  observe  resonances  of  definite  spin  and 
parity  in  the  alpha  particle  exit  channel  at  relatively  high 
excitation  energies  which  might  be  explained  as  the  coupling 
of  an  alpha  particle  with  orbital  angular  momentum  L  to  the 
low-lying  energy  levels  of  the  remaining  A-4  nucleus  (see 
Section  III,  D . ) .   Structures  which  can  be  explained  on  the 
basis  of  the  alpha-particle  core-excited  threshold  states 
(APCETS)  model  have  indeed  been  observed  in  150,  15N  and   Ne 


In  the  mass  fifteen  case,  studied  by  Weller,  et  al 

[We69,  Ja71,  Ra70,  Ot71],  multiplets  of  states  have  been 

15       15 
found  in  the  compound  nuclei.   In  both    0  and    N,  the 

multiplets  can  be  explained  as  the  coupling  of  an  L  =  1  alpha 

particle  to  the  low  lying  state  of   C  and    B,  respectively, 

1  9 
as  shown  in  Figure  1.   In  the  case  of   Ne,  the  levels  found 

in  the  region  of  10.0  to  13.0  M e V  excitation  had  a  one-to- 

1  5 
one  correspondence  to  the  low  lying  levels  of   0  states 

coupled  to  an  L  =  0  alpha  particle.   The  success  of  the  APCETS 
model  in  these  cases  [We72]  gave  impetus  to  find  other  ex- 
amples where  it  might  be  applicable. 

The  reactions  of  10B(p,aQ)7Be  and  1 °B ( p  ,a, ) 7Be*  had 
been  previously  measured  by  Cronin  [Cr56].   Excitation 
curves  for  the  a~  and  a-,  exit  channels  (Figure  2)  in  the  ex- 
citation region  9.7  to  10.2  MeV  indicated  that  the  possibility 
that  two  states  seen  in    C  might  be  described  as  an  alpha 
particle  with  L=0  coupled  to  the  ground  (3/2~)  and  first 
excited  (l/2~,  0.43  MeV)  states  of   Be.   Higher  values  of 
angular  momentum  were  ruled  out  because  of  the  apparent  ab- 
sence of  multiplets  which  should  result  if  the  orbital 
angular  momentum  of  the  alpha  particle  was  greater  than  zero. 
Since  these  data  were  inconclusive,  the  experiment  was  re- 
performed  in  hopes  of  obtaining  enough  data  to  allow  the 
extraction  of  a  more  definite  conclusion. 

The  reaction    B(a,aQ)   B  had  been  measured  for  alpha 
energies  of  1.0  to  4.3  MeV  by  Mo  and  Weller  [Mo73].   In 
this  excitation  region  (see  Figure  26  for  conversions  between 
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Figure  2.   Excitation  Curve  for  the   B(p,a0)  Be  and 
10B(p,a-,  )7Be*  Reactions;  from  [Ce56]  and 
[Je64] 
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laboratory  bombarding  energy  and  center-of -mass  excitation 
energy),  states  were  seen  which  fit  a  description  of  an 
L  =  0  alpha  particle  coupled  to  the  ground  state  (3+)  and 
first  excited  state  (1+,  0.717  MeV)  of  10B.   Therefore, 
this  reaction  was  extended  to  alpha  energies  of  9.0  MeV, 
and  the  reaction  ]  °B  (a  ,a-|  ) ]  °B*72  was  measured  for  alpha 
energies  of  2.7  to  3.2  MeV  to  look  for  correlations  in  the 
inelastic  channel  with  known  states  [Ga69]. 

Finally,  some  of  the  previously  measured  data  indicated 
that  the  APCETS  model  might  give  a  relatively  simple  descrip^ 
tion  of  some  of  the  excited  states  in  12C  observed  via  the 
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10, 


B(d,a0)°Be  and   UB ( d ,a-| ) yBe|  9Q  reactions.   Further 
measurements  in  the  energy  region  of  these  states  was  con- 
sidered worthwhile  in  order  to  better  determine  the 
character  of  the  states. 

This  work  presents  a  report  on  the  above  experiments 
10B(p,a)7Be,  10B(d,d)10B,  1  °B  (d  ,a)  8Be  ,  and  10B(a,a)10B, 
which  were  motivated  by  the  considerations  of  the  preceding 
paragraphs  and  the  analysis  of  the  data  acquired.   Three 
nuclei  were  studied,  ]1C,  12C,  and  14N  with  the  intention 
of  applying  the  APCETS  model. 

Experimental  techniques  and  equipment  will  be  discussed 
in  Chapter  II.   In  Chapter  III,  the  theories  employed  in  the 
analysis  of  the  data  will  be  discussed.   The  topics  covered 
will   include  the   general  R-matrix  formalism,  angular  dis- 
tribution fitting  using  Legendre  polynomials  and  the 
angular-momentum  coupling  Z  factors,  a  note  on  the  optical 


model,  and  a  discussion  of  the  details  and  appropriate- 
ness of  the  APCETS  model  to  these  studies.   Chapter  IV 
will  present  the  experimental  results  and  describe  how 
the  formalisms  were  used  to  extract  the  significant  param- 
eters for  comparison  with  the  model.   The  final  chapter 
will  consider  the  comparison  of  the  results  with  the  pre- 
dictions of  the  model  and  a  conclusion  concerning  the 
applicability  of  the  APCETS  model. 


CHAPTER  II 
EXPERIMENTAL  PROCEDURE 


All  of  the  reactions  performed  for  this  work  used  thin, 
self-supporting  target  foils,  composed  of   B  of  95%  enrichment  as 
supplied  by  the  Stable  Isotope  Division  of  Oak  Ridge  National 
Laboratory.   These  targets  were  made  by  electron  beam  evap- 
po rat  ion  (see  Appendix  C)  and  had  thicknesses  of  the  order 
of  60ug/cm^  as  measured  by  the  energy  loss  of  the  5.48  MeV 

alpha  particles  from  an   4'Am  source.   The  main  target 

11    1  ? 

contaminants  were  the  naturally  occurring    B,    C  from  the 

beam  line,  and  atmospheric    N  and    0,  all  identified  by 
kinematic  considerations. 

The  proton  and  deuteron  induced  experiments  were  per- 
formed using  the  University  of  Florida  4  MV  Van  de  Graaff 
accelerator.   The  beam  current  on  target, measured  by  an  in- 
sulated Faraday  cup,  was  350  to  400  nanoamperes  for  protons 
and  less  than  100  nanoamperes  for  deuterons.   More  current 
was  available  but  the  preservation  of  the  target  was  taken 
into  consideration.   Neutron  radiation  levels  while  using 
a  deuteron  beam  also  placed  a  limitation  on  the  current 
used . 
A.    10B(p,a0)7Be  and  ]  °B  (  p  .c^  )  ?Be* 

Special  problems  were  encountered  in  performing  these 
two  reactions.   The    B(p,ao)  Be  reaction   has  a  Q-value  of 
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10 

1.15  MeV,  while  the  a,  Q-value  is  only  0.72  MeV  [Aj68]. 
These  low  Q-values  have  the  effect  that  the  exiting  alpha 
particles  have  energies  only  slightly  greater  than  the 
elastically  scattered  protons.   The  situation  is  further 
complicated  by  the  greater  energy  loss  of  the  alpha  parti- 
cles as  they  pass  through  the  target  material.   These  two 
facts  result  in  an  overlap  in  the  energy  spectrum  between 
the  elastic  protons  and  the  alpha  particle  groups  at  low 
bombarding  energies  when  measured  using  a  full  energy  (300 
u-thick)  silicone  surface  barrier  detector.   In  order  to 
partially  alleviate  the  problem,  a  25  y- thick  silicon  surface 
barrier  transmission  detector  was  employed.   By  varying  the 
bias  voltage  and  thereby  adjusting  the  sensitive  layer  in 
the  detector,  a  larger  difference  in  the  signal  sizes  re- 
sulting from  the  protons  and  alpha  particles  was  obtained. 
The  thickness  of  the  detector  was  chosen  such  that  protons 
in  the  energy  range  we  were  considering  were  transmitted  by 
the  detector  while  the  alpha  particles  were  stopped  and  gave 
full  energy  peaks.   Figure  3  shows  a  comparison  between  a 
spectrum  using  the  transmission  detector  and  one  resulting 
from  the  thicker  full-energy  detector.   The  better  resolu- 
tion of  the  elastically-scattered  protons  is  obvious  in  the 
full  energy  spectrum,  whereas  the  elastic  protons  are  smeared 
into  one  group  by  the  transmission  detector.   The  thinner 
detector,  though,  allowed  separation  of  the  alpha  groups 
from  the  elastic  protons  at  lower  energies  and  more  backward 
(>90°)  detection  angles. 


Figure  3.  Charged  Particle  Spectram  from  the  Proton 
Bombardment  of  '^B;  Counts/Channel  versus 
Channel  Number  and  [E  /,  bx]  =  2.50  MeV 

a)  Elastic  Proton  Spectrum  using  Trans- 
mission Detector  at  0 .  =  60° 

b)  Elastic  Proton  Spectrum  using  Full 
Energy  Detector  at  GL  =  45°.   Peaks 
are  due  to  the  scattering  from  the 
labeled  nuclei;  solid  line  is  to 
guide  the  eye . 
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The  reactions  were  studied  for  incident  proton  energies 
of  0.8  to  3.2  MeV  in  50  keV  steps.   Excitation  curves  were 
taken  at  the  four  laboratory  angles  of  45°,  50°,  60°,  and  90°, 
Nine  an  angular  distributions  were  measured  at  proton  ener- 
gies of  1.10,  1.30,  1.45,  1.60,  1.90,  2.10,  2.20,  2.30,  and 
2.50  MeV.   The  range  of  angles  measured  was,  for  most  ener- 
gies, from  40°  to  150°  or  160°  in  10°  steps;  higher  energy 
distributions  were  extended  to  more  backward  angles.   The  a-| 
group  angular  distributions  could  be  measured  only  at  the  six 
higher  energies.   The  limitation  in  detection  angle  is  pic- 
tured in  Figure  4.   As  the  detection  angle  is  increased, 
kinematic  effects  result  in  the  alpha  groups  decreasing  in 
energy  more  rapidly  than  the  protons,  thereby  resulting  in  an 
overlap  between  the  peaks.   At  120°,  both  the  ao  and  a-j 
groups  are  well  separated  from  the  protons,  but  at  130°,  the 
a i  group  overlaps  the  proton  peak.   Any  further  increase  in 
angle  results  in  an  even  greater  overlap,  and  eventually  the 
arj  group  also  is  obscured  by  the  proton  peaks. 

Beam  energy  calibration  was  done  using  the  '  L  i  (  p  ,  n  )  B  e 
threshold  at  Ep  =  1.881  MeV.   The  absolute  energy  was  de- 
termined to  an  accuracy  of  ±20  keV.   Cross-sections  were 
calculated  by  normalization  to  the  '^B(p,ag)  Be  measurements 
made  by  Overley  and  Whaling  [0v62]  using  the  2.2  MeV  reso- 
nance seen  in  both  experiments.   Including  the  10%  error 
of  the  previous  experiment,  we  estimate  that  the  present 
cross-sections  are  accurate  to  ±15%. 

Throughout  the  measurement  of  the  angular  distributions, 


Figure  4.    Charged  Particle  Spectrum  from  the  Proton 
Bombardment  of  ^  0  B ;  Count/Channel  versus 
Channel  Number  [and  E  p  m  a  ^  \  ] 
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■a  monitor  detector  set  at  40°  to  the  beam  direction  was 
used;  the  protons  elastically  scattered  from  l0B  were 
summed  and  used  to  provide  consistency  of  measurements  as 
the  target  was  rotated  to  allow  forward  and  backward  angle 
measurements.   All  detectors  were  collimated  using  tantalum 
collimators  with  0.32cm  apertures  set  at  a  distance  of  approx- 
imately 12cm  from  the  target. 

Detector  signals  were  processed  by  the  usual  pre- 
amplifier-amplifier circuits  and  the  resultant  pulses  fed  into 
a  1024-channel  ADC  in  use  with  the  University  of  Florida 
General  Automation  18/30  computer.   The  particle  spectra 
were  plotted,  and  the  peaks  of  interest  were  summed  on  line. 
The  accumulated  spectra  were  subsequently  written  on  mag- 
netic tape  for  storage.   Contaminants  caused  no  problems 
with  the  summing. 
B.    10B(d,d)10B  and  10B(d,g)8Be 

The  elastic  scattering  of  deuterons  was  performed  for 
incident  energies  of  0.8  to  4.0  MeV  at  laboratory  angles 
of  60°,  75°,  90°,  105°,  135°,  and  150°  in  energy  steps  of 
50  keV.   Two  silicon  surface  barrier  detectors  were  used 
simultaneously,  and  their  signals  were  ampl i fi ed  and  routed 
into  a  512-channel  analyzer  set  to  operate  as  two  256- 
channel  analyzers.   The  pulse  height  spectra  were  punched 
on  paper  tape  and  listed  for  later  summation.   Beam  currents 
of  10  to  50  nanoamperes  were  used  depending  on  energy  and 
accelerator  condition.   The  deuterons  scattered  from    B 
were  easily  resolvable  from  those  scattered  from  any 
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Figure  5.    Charged  Particle  Spectrum  from  the  Deuteron 
Bombardment  of  10B;  Peaks  are    Due  to  the 
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contaminants.   Angular  distributions  were  also  measured 
at  incident  energies  of  1.5,  2.0,  2.5,  3.0,  3.5and4.0 
MeV  for  laboratory  angles  of  60°  to  160°  in  10°  steps. 

The    B(d,a~)  Be  and    B(d,a,)  Be*  reactions  were 
performed  using  a  similar  experimental  set-up.   Since  the 
Q-value  for  the  afi  reaction  is  17.82  MeV  and  for  the  a-, 
reaction,  14.92  MeV,  the  alpha  groups  were  easily  identi- 
fied; no  other  exit  particle  had  as  much  energy.   A  biased 
amplifier  was  used  in  order  to  spread  the  region  of 
interest  of  the  spectrum  over  the  available  number  of 
channels.   Excitation  curves  were  measured  for  laboratory 
angles  of  70°,  90°,  150°,  and  170°  for  incident  energies 
of  0.8  to  4.0  MeV  in  50  keV  steps.   Eleven  angular  distri- 
butions for  the  an  group  were  measured  for  laboratory 
angles  of  40°  to  170°  in  10°  steps.   Beam  energy  was  again 
calibrated  using  the   Li(p,n)  threshold.   Experimental 
yields  were  converted  to  center-of -mass  cross-sections 
by  measuring  the  2.2  MeV  elastic  proton  resonance  as 
measured  by  Overley  and  Whaling  [0v62]  and  comparing  their 
cross-sections  to  our  yields.   Their  relative  error  is  approx- 
imately 10%.  Including  the  statistical  errors,  our  absolute 
cross-sections  are  estimated  to  be  accurate  to  ±20%. 

A  typical  pulse  height  spectrum  is  shown  in  Figure  6. 
The  aQ  group  was  easily  summed,  but  because  of  the  rela- 
tively small  yield,  the  statistical  errors  were  greater 
than  5%.   Larger  statistical  errors  in  the  a-,  yields  re- 
sulted from  background  subtraction.   The  background  was 
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energy  dependent  and  resulted  in  an  asymmetrical  peak 
shape.   In  order  to  simplify  the  peak  summation,  the  raw 
channel  sums  were  made  only  on  the  high  half  of  the  peak 
These  sums  were  then  multiplied  by  two,  assuming  the 
higher  half  of  the  peak  gave  the  correct  shape.   An  as- 
sumed straight  background  was  subtracted  ( see  Figure  6). 
C, 


10B(a,an)10B 


10. 


The  elastic  scattering  of  alpha  particles  from    B 
had  been  performed  by  Mo  and  Weller  [Mo73]  in  the  energy 
region  E„  =  '1  .0  to  4.2  MeV.   This  reaction  was  extended 
in  energy  for  alpha  energies  of  4.0  to  9.0  MeV  using  the 
EN  tandem  Van  de  Graaff  at  Western  Michigan  University. 
The  usual  charged-part i cl e  detection  system  was  used, 
and  the  amplified  detector  signals  were  fed  into  a  PDP-15 
computer  for  analysis.   A  typical  spectrum  is  shown  in 
Fig.  7.   The  10B  elastic  peak  was  summed  on-line  with  a 
straight  background  subtraction.   Four  excitation  curves 
were  measured  over  the  full  energy  region  at  laboratory 
angles  of  68°,  98°,  150°,  and  165°.   Energy  increments 
were  30  keV  from  4  to  6  MeV  and  50  keV  from  6  to  9  MeV. 
No  angular  distributions  were  measured. 

The  yields  were  converted  to  center-of-mass  cross- 
sections  by  comparison  of  the  resonance  yield  at  4.15 
MeV  to  the  same  resonance  as  measured  by  Mo  and  Weller. 
The  error  in  the  absolute  cross- secti on  is  estimated  to 
be  less  than  10%. 
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D.    10B(a,a-,)10B* 

The  inelastic  scattering  of  alpha  particles  for  the 
first  excited  state  of   B  was  measured  using  the  4  MV 
University  of  Florida  Van  de  Graaff  accelerator.   Two  300 
ym  silicon  surface  barrier  detectors  were  used.   Two  ex- 
citation curves  were  measured  at  laboratory  angles  of  45° 
and  60°  in  50  keV  steps  for  incident  alpha  energies  of 
2.7  ■*  3.3  MeV.   Absolute  cross-sections  were  obtained  from 
the  yields  by  assuming  that  low  energy  (1.0  MeV),  small 
angle  (~40°)  scattering  of  alpha  particles  off   B  could 
be  described  as  almost  purely  Rutherford  scattering.   The 
cross-sections  are  accurate  to  +20%  and  are  in  agreement 
within  errors  with  those  deduced  from  the  corresponding 

B(a,a«)   B  cross  -  sec ti ons .   A  typical  spectrum  is  shown 
in  Figure  8 . 
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CHAPTER  III 
THEORY 


A  .   R  -  m  a  t  r  i  x 

One  of  the  general  formalisms  used  in  the  analysis  of 
the  data  is  the  R-matrix  formalism.   This  formalism  was  used 
in  the  analysis  of  the  10B(a,a0)10B,    B(p,p)   B,  and 

B(p,a)  Be  results,  and  could  have  been  applied  to  all  the 
reactions.   A  brief  review  of  this  formalism  will  be  given; 
for  more  details  the  complete  review  article  by  Lane  and 
Thomas  [La58]  should  be  consulted.   A  more  recent  treatment 
of  the  basic  development  of  this  formalism  can  be  found  in 
McCarthy  [Mc68],  while  a  good  review  has  been  written  by 
Vogt  [Vo62].   Many  variations  of  the  R-matrix  theory  have 
been  proposed,  but  the  one  described  by  Lane  and  Thomas  was 
first  set  forth  by  Wigner  and  Eisenbud  [ W  i  4  7 ] .   This  for- 
mulation of  the  theory  has  the  advantage  over  the  reaction 
formalism  of  Kapur  and  Peierls  [Ka38]  in  that  the  energy 
dependence  of  all  the  expressions  is  made  as  explicit  as 
possible.   Wigner's  variation  has  energy  independent  bound- 
ary conditions  but  is  equivalent  to  Kapur  and  Peierls. 

Any  discussion  of  R-matrix  theory  must  begin  with  a 

list  of  the  basic  assumptions.   Though  a  thorough  discussion 

of  the  implications  of  these  assumptions  can  be  found  in 

Lane  and  Thomas,  they  will  be  listed  here  for  completeness. 
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1)  The  usual  Hami  1  tonian  equation  H  y  =  E  H'  is  applicable 
where  H  is  the  sum  of  kinetic  and  potential  operators.   This 
Hamilton i an  is  defined  in  all  space  and  its  use  implies  the 
validity  of  non-relativistic  quantum  mechanics. 

2)  It  is  assumed  that  any  reaction  resulting  in  more 
than  two  product  nuclei  is  nonexistent  or  unimportant.   The 
situation  where  three  or  more  products  are  produced  could 
be  dealt  with  as  a  two  step  process. 

3)  It  is  assumed  that  all  processes  of  annihilation 
or  creation  are  unimportant  or  absent.   This  assumption  ex- 
cludes the  possibility  of  gamma  decay,  but  the  restriction 
can  be  removed  by  using  a  perturbation  treatment  of  coupling 
nuclear  particles  to  the  electromagnetic  field. 

4)  The  existence  of  some  finite  radial  separation 
(channel  or  interaction  radius)  between  any  pair  of  nuclei 
beyond  which  neither  nucleus  experiences  any  polarizing 
potential  from  the  other  is  assumed.   This  radial  distance 
differs  for  each  pair  of  nuclei  and  is  usually  taken  to  be 
the  sum  of  the  radii  of  the  pair,  as  a  minimum.   Other  than 
this  restriction,  the  choice  of  channel  radii  is  largely 
arbitrary.   This  assumption  allows  each  channel  (i.e.  ,  each 
possible  reaction  process)  to  be  orthogonal  to  all  others. 

The  choice  of  an  interaction  radius  immediately  divides 
the  interactions  into  problems  in  two  separate  regions.   In  the 
exterior  region  (r>rc),  the  form  of  the  interactions  is 
known  and  the  wave  functions  for  the  nuclei  can  be  found 
exactly.   In  the  interior  region  (r  <_   channel  radius),  the 
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interactions  are  not  specifically  known  and  a  unique  solu- 
tion to  the  problem  cannot  be  found.   In  the  interior  region, 
therefore,  standing  wave  solutions  to  the  Schroedinger 
equations  using  some  potential  are  found.   The  complete  set 
of  solutions  X ^  (a  is  the  level  index)  is  used  to  expand  the 
actual  wave  function  for  r<_rc.      These  X>  '  s  are  not,  however, 
identifiable  as  the  wave  functions  of  bound  states  of  the 
nucleus  but  only  as  a  basis  set  for  the  expansion  of  an 
arbitrary  wave  function.   Boundary  conditions  are  applied 
at  the  nuclear  surface  S,  a  surface  chosen  to  satisfy  the 
orthonormal i ty  conditions.   The  R-matrix  is  designed  to 
connect  the  external  solutions  to  the  internal  region  using 
the  boundary  conditions  applied  at  S. 

If  the  entire  external  wave  function  is  written  as  a 
channel  sum  over  both  incoming  waves  I c  and  outgoing  waves 
as 

Y  =  I  YCIC+XC0C, 
where  Xc  and  Yc  are  the  amplitudes  of  the  outgoing  and  in- 
coming waves  respectively,  then  the  Xc  should  be  uniquely 
determined  by  the  interactions  occurring  in  the  internal 
region.   If  this  is  the  case,  then  it  should  be  possible  to 
express  the  amplitudes  of  the  outgoing  waves  in  terms  of 
the  amplitudes  of  the  incoming  waves,  i.e.  , 

Xr'=  -  £  Up'rY 


C  C  '  c 


or 


X  =-UY 
where  X,  U  and  Y  are  matrices.   The  quantity  U  is  called 
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the  collision  or  scattering  matrix  and  connects  the  out- 
going amplitudes  to  the  known  incoming  amplitudes;  it 
contains  all  of  the  desired  physical  information.   The 
experimentally  observed  cross -sect i ons  should  be  expressable 
in  terms  of  this  collision  matrix. 

Since  the  collision  matrix  actually  specifies  the  wave 
function  outside  the  internal  region,  some  connection  must 
be  made  to  the  internal  region.   With  the  boundary  conditions 
on  S  , 

r=r. 


dr 


=  bCXA 


where  the  X -^ '  s  are  the  elements  of  the  complete  orthonormal 
set  previously  mentioned,  and  the  bc's  are  arbitrary  con- 
stants, we  can  generate  an  expansion  which  relates  the  value 
of  the  total  wave  function  to  its  derivatives  at  the  surface 
The  coefficients  in  this  expansion  are  the  elements  of  the 
R-matr i  x 

Rcc'  =  R0+Ex  YACYXC./(EX-E). 
Here,  R_  gives  rise  to  a  "background"  in  a  reaction.  Various 
forms  can  be  used  for  Rq  ,  but  the  simplest  case  is  usually 
used,  that  is  RQ  is  set  to  zero.   The  YXc's  are  the  reduced 
width  amplitude  and  are  related  to  the  overlap  integral  of 
the  X)  and  the  exterior  wave  function  on  the  surface  Sc; 
they  characterize  the  rate  of  decay  of  the  level  A  of  the 
compound  system  into  the  channel  c.   The  Y \ ' s  are  related 
to  the  observed  level  width  by 


Ac 


2PrY 


c  'Ac 
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where  P   is  the  penetrability  for  the  channel  c.   The 
penetrability  along  with  other  important  parameters  are  dis- 
cussed in  more  detail  in  Appendix  A.   The  R-matrix  code 
MULTI  is  also  discussed  in  detail  there. 

As  a  final  note,  the  choice  of  the  channel  radius  is 
largely  arbitrary  but  probably  should  correspond  in  some 
way  to  the  physical  configuration  of  the  interacting  nuclei. 
The  radius  parameter  is  usually  taken  as 

rc  =  r0(A11/»  +  A2,/8). 

In  this  expression,  rg  is  a  constant  whose  value  is  usually 
near  1.40fm.   A]  and  A2  are  the  atomic  numbers  of  the  inter- 
acting particles.   The  calculated  cross-section   independent 
on  the  choice  of  rn.       Details  of  the  R-matrix  code  MULTI  are 
found  i  n  Appendi  x  A . 
B .   Angular  Distributions  and  Legendre  Polynomial  Fitting 

In  dealing  with  angular  distributions,  that  is,  cross- 
sections  measured  at  a  constant  incident  laboratory  energy 
as  a  function  of  laboratory  angle,  a  concise  theoretical 
expression  can  be  written,  as  derived  by  Wigner  and  Eisenbud 
[Wi 47]  and  Blatt  and  Biedenharn  [B152]  and  corrected  by  Huby 
[Hu54].   In  terms  of  center-of-mass  variables, 


dfi 


s-s' 


Z  (  ^  -,  J  -,  ^  2  J  2  ;  s  L  )  Z  (  ^'-,  J  -,  2,'2  J  2  ;  s '  L  ) 


1  (2I  +  1M21+1) 

x    Rer(a'  V  s'  |  al   s  |  J,  n  ^)T*{a'  Jl^s  '|aJl2s  |  J2n2)xPL(cos  0  ) . 

[Fe60] 
In    this    formula,    0    is    the    angle    between    the    emergent    particle 
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direction  and  the  beam  direction  and  s  and  s'  are  the  in- 
itial and  final  channel  spins.   The  initial  channel  spin 
s  =  I+i,  where  I  and  1  are  the  target  and  projectile  spin 
quantum  numbers,  and  s ' = I  '  + 1  '  ,  where  I '  and  i'  refer  to  the 
residual  nucleus  and  product  spins.  %    is  "fi  c  /  (  E  )  '  .  The  quan- 
tity r(a  '  £■!  s  '  |  a£-i  s  |  J-|  n-,  )  is  the  transition  matrix  element 
describing  the  transition  from  state  a  with  channel  spin  s 
to  the  state  a'  with  channel  spin  s '  through  the  compound 
system  having  a  total  angular  momentum  J]  and  parity  n-|  .  The 
l-i    is  the  incident  particle  relative  angular  momentum  quan- 
tum number  and  £  ■!  is  the  emergent  particle  relative  angular 
momentum  quantum  number;   T  *  (  a  '  £  o'  s'|a£2s|J?n2^  1S  ^e 
complex  conjugate  of  a  similar  matrix  element  for  another  or  the  same 
possible  set  of  production  and  decay  quantum  numbers. 

The  T    elements  contain  most  of  the  physics  of  the 
interaction,  other  than  angular  momentum  considerations. 
The  r's  can  be  broken  up  into  two  terms,  one  of  which  varies 
smoothly  with  energy,  the  other  having  a  rapid  fluctuation 
with  energy  as  is  necessary  in  the  description  of  resonances: 

T(a'  £'s  '  |a£s  |  Jn)  =  Tp  (  a  '  £  '  s  '  |  a£s  |  Jll )  +TR  (  a  '  £ '  s  '  |  a£s  |  JII )  • 
For  cases  where  a'=a,  Tp  describes  the  potential  scattering. 
When  a'  t    a,  Tp  is  the  non-resonant,  smoothl y- va ryi ng  part 
of  the  reaction  amplitude  representing  the  effect  of  all 
levels  other  than  those  in  5'R.  Here  JR  is  the  resonant  ampl  i  tude 
explicitly  containing  resonant  effects  and  can  be  written 
in  the  Breit-Wiqner  form 
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T{a'  £'  s ' |a£s | Jn 


ir  2  (a'&'s '  |  jn)  r  '2(a£s  1  Jn) 


(E-Ejn)  + 


ir 


jn 


where   r ( a£s ( Jn )  and  r (a ' I '  s '  | Jn)  are  the  partial  widths 
for  the  entrance  and  decay  channels  respectively  (see 
Chapter  III-A).  ilere  E  is  the  excitation  energy,  Ejn  is  the 
resonance  energy,  and  r j  n  is  the  total  resonance  width. 

By  performing  the  division  of  the  T    amplitudes  into 
potential  (non-resonant)  and  resonant  parts,  the  cross- 
section  can  be  written 

do  (a'  |  a)  _  dap(a'  |  a  )  +daR  (  a')  a  )  daI(gl  |a) 
do  dtt  dtt  ~dfi~ 

where  I  refers  to  the  interference  between  resonant  and 
non-resonant  parts.   Such  a  decomposition  is  important  when 
resonances  are  widely  spaced  relative  to  their  widths.   In 
the  region  between  the  resonances,  the  slowly  varying  non- 
resonant  cross-section  dop/do,    is  the  major  term,  while 
right  at  resonance,  it  provides  a  background  on  which  the 
resonance  structure  is  superimposed.   The  interference  term 
is  quite  important,  especially  if  the  resonant  and  non- 
resonant  amplitudes  are  comparable. 

The  1    factors  are  kinematical ,  i.e.,  they  do  not  depend 
on  the  nuclear  interaction  but  only  on  the  decomposition  of 
the  initial  plane  wave  into  states  of  given  J,n,H,  and  s, 
and  they  decay  into  the  final  state  with  quantum  numbers 
I '  and  s'.   [See  Appendix  B . ] 

In  order  to  obtain  some  information  concerning  the  J 
values  ofresonances  seen  in  excitation  curves,  the  angular 
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distributions  measured  around  the  resonance  energy  are 
fitted  to  a  Legendre  polynomial  expansion  da/d^=EA,P,(cosO) 
using  the  code  LEGFIT,  which  employs  Legendre  polynomials 
up  to  order  eight.   The  fitting  is  done  by  minimizing  the 
c  hi -squared  criterion 

r'  expv 


I- 


oPYn(i)-oth(i)  |2 


1AW1> 


where   oexp  and   ath  are  the  experimental  and  theoretical 
values  of  the  cross-sections  respectively,  and  Aaexp  is  the 
statistical  uncertainty  in  the  experimental  cross- secti on . 

The  fits  to  the  angular  distributions  yield  a  set  of 
coefficients,  A,  ,  of  the  Legendre  polynomials,  PL(cose), 
which  can  be  examined  as  a  function  of  energy.   This  exami- 
nation  can  give  definite  clues  to  the  possible  spins  and 
parities  of  resonances  by  comparision  to  an  analysis  of  the 
Z  coefficients  (see  Appendix  B). 

Though  an  examination  of  the  Legendre  coefficients  can 
give  some  clues  to  the  St    and  J   values  of  a  resonance, 
other  consideration  must  be  made.   The  appearance  of  a 
correlated  resonant-type  behavior  in  a  Legendre  coefficient 
places  a  definite  limit  as  to  possible  angular  momentum 
values  (Appendix  B),  non-appearance  of  such  behavior  can  be 
the  result  of  factors  other  than  angular  momentum  coupling. 
The  amplitudes  r  which  appear  in  the  T   elements  and  which 
depend  on  variables  other  than  angular  momentum  quantum 
numbers,  can  themsevles  be  zero  for  certain  configurations. 
Therefore,  the  Legendre  polynomial  fitting  procedure  is  only 
one  part  of  a  complete  analysis  required  for  a  confident 
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determination  of  resonance  parameters. 
C.   Optical  Model 

The  simplest  model  ofanucleon-nucleus  interaction 
ignores  any  structure  and  replaces  it  by  a  simple  real 
potential  well  characterized  by  a  depth  and  a  radius.   This 
model  has  had  some  success  in  describing  scattering  processes. 
The  optical  model  resulted  from  the  addition  to  the  real 
well  of  an  imaginary  component  to  account  for  absorption. 
The  initial  development  of  the  optical  model  was  due  to 
Fernbach,  Serber,  and  Taylor  [Fe49]  in  analyzing  reactions 
due  to  90  MeV  neutrons.   They  found  that  the  nucleus  was 
quite  transparent  to  the  neutrons  and  proposed  that  the 
elastic  scattering  of  nucleons  be  compared  with  the  scat- 
tering of  light  by  a  refractive  and  absorbing  sphere. 
Classically,  this  situation  can  be  represented  by  a  complex 
index  of  refraction. 

It  was  natural  to  extend  this  semi-classical  picture 
and  apply  quantum-mechanical  techniques.   The  solution  to 
the  Schroedinger  equation  with  a  complex  potential  was 
first  done  at  low  energies  by  LeLevier  and  Saxon  [ L  e  5  2 ] . 
While  a  generally  good  account  of  nucleon  scattering  can 
be  obtained  [ H o 6 3 ]  ,  it  is  natural  to  extend  it  to  scatter- 
ing of  composite  particles,  such  as  deuterons,  helium-3 
nuclei,  and  alpha  particles. 

The  approach  of  the  optical  model  is  to  replace  all 
interactions  between  the  projectile  and  target  nucleus  by 
an  average  potential  in  the  Schroedinger  equation  and  then 
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solve  the  scattering  problem.   The  real  part  of  the  potential 
gives  rise  to  elastic  scattering  while  the  imaginary  part 
results  in  absorption.   This  technique  has  been  most  suc- 
cessful at  higher  excitation  energies  where  many  overlapping 
levels  are  found.   Extensions  of  this  method  where  resonances 
were  included  have  also  been  fruitful  [We68 ,0t71 ] . 

In  order  to  calculate  the  elastic  scattering  cross- 
section,  we  must  find  the  amplitude  of  the  outgoing  waves 
in  the  elastic  channel.   We  begin  by  solving  the  Schroedinger 

equation 

2u 

72¥+-H  E-V)'F  =  0. 
"n 

The  optical  potential  is  taken  to  have  the  form 

V(r)  =  Vc(r)-V0f(r,Rr,ar)  +  i4Waw^rf(r,Rw,aw) 

f(r,R,a)  =  (i+e^-R)/9)"1 


where 


Vr(r) 


zZe 2      r  2 

Tr7  <3-ljB  ' 


zZe: 


r  <  r  A 


r>r0Al/3 


Vc(r)  is  the  Coulomb  potential  with  z  and  Z  being  the  pro- 
jectile and  target  atomic  numbers  respectively;  f  is  the 
Woods-Saxon  [Wo54]  well  shape;  Vq  and  W  are  the  real  and 
imaginary  optical  model  potential  strengths.   The  imaginary 
potential  is  taken  to  be  a  derivative  Woods-Saxon  and  results  in  surface 
(as  opposed  to  volume)  absorption.  The  Rr  and  Rw  are  the  radius 
parameters  for  the  real  and  imaginary  wel 1 s, res  pec ti vel y ; 
ar  and  aw  are  the  corresponding  diffuseness  parameters. 
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The  code  JUPIT0R2  [Ta67]  was  used  for  the  optical 
model  fitting. 
D.    APCETS 

The  core-excited  threshold  state  model  is  one  which  is 
widely  used  in  calculating  properties  of  energy  levels  in 
nuclei.   It  is  usually  applied  to  a  nearly  closed-shell 
system  where  the  nucleus  in  question  can  be  depicted  as  a 
closed-shell  nucleus  plus  a  particle  or  hole  (e.g.,  Th66). 
Interactions  between  the  particle  or  hole  and  remaining 
nucleusare  generally  expressed  as  a  product  of  tensor 
operators  of  order  k : 


(k) 


HINT  ~  lJkc  Tp 


where  T^   operates  only  the  degrees  of  freedom  of  the  core 

~(k) 
and  T^   operates  on  the  particle  (hole)  degrees  of  freedom 

Specific  choices  of  the  tensor  operators  are  made  in  order 

to  discover  the  energy  eigenvalues  with  this  term  added  to 

the  Hamiltonian.   Usual  choices  include  first  order  (e.g., 

IP  ')  or  second  order  (Cr   )  tensor  [Th65]. 

In  dealing  with  a  core-excited  model  where  the  extra- 

4 
core  particle  is  a   He  nucleus,  the  usual  choice  for  the 

->■   ->        ■> 
interaction  is  I  '  L,  where  I  is  the  spin  of  the  target 

(core  nucleus)and  L  is  the  orbital  angular  momentum  of 

the  alpha  particle.   This  interaction  is  a  result  of  sum- 

ming  of  the  usual  one  nucleon  spin  orbit  I    '    S  interaction 

over  the  core  nucleus  [Ra72], 

The  results  of  such  an  interaction  between  an  alpha 

particle  and  a  core  nucleus  have  been  seen,  e.g.,  [We69]. 
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In  cases  previously  considered  [We72],  the  alpha  particle 

->• 
possessed  L  =  1.   This  value  can  lead  to  the  formation  of 

■+ 
multiplets  in  the  compound  system.   For  example,  if  an  L  = 

1  alpha  particle  is  coupled  to  the  ground  state  (3/2~)  of 

1]B,  we  might  expect  a  5/2+,  3/2+,  l/2+  triplet  in  15N; 

such  a  triplet  is  seen.   If  the  alpha  particle  is  coupled 

to  the  first  excited  state  (1/2")  of  ]1B,  a  l/2+,  3/2+ 

doublet  is  expected  and  seen.   An  L  =  0  alpha  particle 

coupling  would  not  result  in  multiplets,  but  in  singlets 

1  9 
based  on  the  core  states  as  in    Ne  [0 1 7 1  1 .   The  energy 

separation  between  the  centers  of  gravity  [La57]  of  the 
multiplets  should  roughly  correspond  to  the  energy  sepa- 
ration of  the  core  states  on  which  they  are  built. 

Inversion  of  the  level  order  in  multiplets,  such  as 

+     +  15 

the  1/2  ,  3/2   doublet  in    N  (the  order,  in  increasing 

energy,  should  be  3/2  ,  1/2  ),  suggests  deformati  on  of  the 

core,  probably  by  the  alpha  particle.   A  detailed  investi- 

gat  ion  of  the  I  '  L  alpha  particle  core  interaction  which 

leads  to  the  level  inversion  has  been  made  by  Rawitcher 

[Ra72].   This  interaction  has  been  successfully  used  in 

15       15 
calculations  on    N  and    0  by  Purcell  and  Meder  [Pu74] 

where  an  alpha  particle  is  coupled  to  the  low  lying  levels 

of   B  and    C,  respectively.   These  levels  were  previously 

described  in  terms  of  the  shell  model  [Me74]. 

1  5 
A  third  effect  is  also  seen  in    N,  where  multiplet 

1  5 
spacing  is  strongly  compressed  as  compared  to   0.   This 

compression  might  be  explained  as  a  broadening  of  the 
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effective  core  potential  to  a  greater  extent  by  the  inter- 
action with  the  alpha  particle. 

Though  this  model  has  been  successful  in  accounting 
for  observed  level  schemes  in  several  nuclei,  it  should  not 
be  taken  too  literally.   The  states  tentatively  identified 
as  alpha  particle  core-excited  threshold  states  are  obvious- 
ly not  purely  an  alpha  particle  coupled  to  an  excited  core. 
In  most  instances,  the  states  are  observed  in  reaction 
channels  other  than  a  scattering,  such  as  (p,a),  (d,a), 
(  He, a),  etc.,  indicating  that  the  states  have  partial  widths 
other  than  just  r  .   The  other  partial  widths  [such  a  r 
for  the  (p,a)  reaction]  are  probably  small  compared  to   r  • 
This  relation  would  result  in  states  being  seen  in  a  (p,a) 
reaction  and  less  likely  to  be  observed  in  a  (p,p)  or  a 
(p,  He)  reaction.   By  inspecting  the  usual  Breit-Wigner 
resonance  form  where  the  cross-section  for  any  reaction 
C  ->  C  is  proportional  to  the  product  of  the  partial  widths 
r  ,  r  ia  we  can  see  that  if  r   <  r   (C  =  a  channel),  the 
cross-section  will  be  less  prominent  when  the  a  particle 
state  is  formed  through  a  non-alpha  channel. 

Another  question  to  be  dealt  with  is  the  appearance 
in  the  elastic  a  channel  (or  an  channel)  of  states  which 
the  APCETS  model  would  say  were  the  first  excited  state  of 
the  core  nucleus  coupled  to  an  alpha  particle.   If  this 
picture  was  actually  true,  then  these  states  would  not  be 
seen  in  an  channel.   There  are  at  least  two  possible  pic- 
tures of  what  may  occur.   One,  the  configuration  consisting 
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of  the  first  excited  state  of  the  core  nucleus  plus  an 
alpha  particle   may  be  mixed  by  some  interaction  within 
the  nucleus.   Such  a  mixing  might  lead  to  decays  by  an 
emission  of  a  state  which  mostly  consists  of  the  first 
excited  state  coupled  to  an  alpha  particle,  but  has 
some  ground  state  strength.   Two,  the  reaction  may  take 
place  as  a  two  (or  more)  step  process  where  the  incident 
particle  first  excites  the  core  nucleus  and  is  then 
captured  to  form  the  intermediate  state.   Such  a  process 
might  be  more  formal ly  dealt  with  by  using  the  concept 
of  doorway  states  [Fe66].   Here,  the  open  (incident  or 
exit  channel  H'),  excites  directly  through  the  full 
Hamiltonian  opeator  some  part  of  the  internal  (closed) 
channel  amplitude.   The  rest  of  the  possible  closed 
channel  wave  function  is  generated  by  some  residual 
interaction  with  the  excited  portion.   The  intermediate 
step  wave  function  is  called  a  doorway  state.   Though 
both  of  these  pictures  (and  others)  should  result  in  the 
same  physics,  further  investigation  is  necessary. 

Further  investigation  is  also  necessary  to  explain 
the  reasons  for  the  L-value  of  the  extra-core  alpha  parti- 
cle.  A  detailed  model  which  would  predict  the  L-value  of 
the  threshold  states  is  not  available,  though  the  value 
might  be  related  to  the  lowest  energy  shell  model  con- 
figuration available  to  the  four  nucleons  comprising  the 
alpha  parti  cl e. 


CHAPTER  IV 
EXPERIMENTAL  RESULTS 

A.    He 

Neutron  groups,  observed  in  the  stripping  reaction 
'^B(d,n)'^C,  indicate  the  existence  of  states  in   C  at 
9.69±.03,  1 0  .  09± . 02  ,  10.69±.02,  and  1 0  .  89± . 02  MeV  [Ce56]> 
[0v63j.   This  energy  region  has  also  been  previously 
investigated  through  the  reactions   l0B(p,ag)'Be, 
10B(p,a-|  )7Be*,  and  10B(p,a)11C  [see  references  belowj, 
but  uncertainties  remain  concerning  the  spins  and  parities 
(and  existence)  of  some  of  the  reported  states. The   JB  +  p 
reactions  have  indicated  the  existence  of  9.69,  10.09, 
and  10.69  MeV  states,  but  conflicting  spin  assignments 
remain. 

The  yield  of  gamma  rays  to  the  ground  state  of 
I'Cfj'71  =  3/2")  for  proton  energies  of  less  than  3  MeV 
exhibits  a  strong  resonance  of  width  approximately  500 
keV  at  Ep  =  1.14  MeV  indicating  a  state  in  ]1C  at  9.74 
MeV  [Da  54,  Ch56,  Hu57].   Observations  have  been  made  of 
y-cascade  radiation  from  this  excitation  region  (around 
Ex  =  9.8  MeV)  to  states  with  excitation  energies  of  6.48 
and  4.32  MeV  thought  to  have  spins  of  7/2"  and  5/2", 
respectively  [ J  a  6 1 ] .   Examination  of  the  relative  inten- 
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sities  of  these  y  transitions,  along  with  the  observation 
of  no  forward-backward  asymmetry,  indicates  that  the 
transitions  all  derive  from  a  single  parent  state.   Ab- 
solute intensities  indicate  that  the  y  -  r  a  y  s  have  the  same 
multipolarity,  limiting  the  spin  of  the  parent  state  to 
5/2.   Analysis  of  the  angular  distributions  of  y-radiation 
supported  the  spin  and  parity  of  the  9.74  MeV  state  in 


1  1 


C  is  set  at  5/2"  [ C  h  5  6  ,  Ja61  ] 


Using  the  '  ^  B  (  p  ,  a )  B  e  reaction  the  a -  particle  decay 
to  the  ground  state  of  ^  b  e  (  J  ^  =  3/2")  has  been  investigated 
for  proton  energies  from  Ep  =  0.8  MeV  to  E  p  =  1.65  MeV 
[Cr56,  B r 5 1 ]  .   Broad  resonances  were  seen  near  Ep  =  1.17 
MeV  and  ED  =  1.5  MeV,  hereafter  called  resonances  I  and  II, 
respectively.   The  a -particle  angular  distributions  were 
nearly  isotropic  below  1.2  MeV  but  showed  a  dependence  of 
P](cosQ)  and  P3(cosO),  peaking  near  E  p  =  1.36  MeV.   The 
apparent  presence  of  odd  Legendre  polynomials  was  inter- 
preted as  an  indication  that  the  two  states  have  opposite 
parities.   Examination  of  the  total  cross-section  at 
resonance  placed  minimum  values  on  the  spins  of  J  m  i  n  >  3/2 
for  the  lower  energy  resonance  (resonance  I)  and  J  m  -j  n  ^_ 
5/2  for  the  upper  (resonance  II)  resonance.   Legendre 
coefficients  obtained  from  fitting  the  measured  angular 
distributions  gave  support  to  the  assignment  of  3/2"  and 
7/2  ,  respectively,  as  the  spins  of  the  two  resonances. 
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The  ou  decay  to  the  first  excited  state  of  ^Be(JTT=  1/2"), 
which  has  been  studied  for  proton  energies  up  to  3.0  MeV 
through  the  reactions  10B(p,a)7Be*  |_Cr56]  and  10B(p,ay)7Be 
[ Hu 57 J ,  is  resonant  only  at  Ep  =  1.5  MeV.   The  preferred 
assignment  for  this  state  [Ex  =  10.09  MeV]  is  7/2+,  formed 
by  s-  and  d-wave  protons  and  decaying  by  I    -    3  a-particles. 
A"  7/2+  state  can  decay  to  both  the  ground  and  first  excited 
state  of   Be  by  the  emission  of  I    =  3  alpha  particles. 
Thus,  from  angular  momentum  considerations  alone,  roughly 
equal  decays  might  be  expected.   The  same  argument  might 
also  be  valid  to  explain  the  non-observance  of  y  transitions 
to  the  ground  state  of  ^  '  C  ,  a  transition  which  would  have  to 
be  quadrupol e . 

The  elastic  scattering  excitation  curves  for  protons 
on  10B  for  energies  of  0.15  MeV  to  3.0  MeV  [0v62]  exhibited 
a  conspicuous  anomaly  at  Ep  =  1.5  MeV  along  with  some 
structure  around  Ep  =  1.2  MeV.   Analysis  of  the  angular 
distributions  measured  in  this  region  indicated  that  the 
scattering  was  primarily  s-wave.   The  anomaly  was  satis- 
factorily reproduced  [0v62]  using  level  assignments  of 
5/2+  and  7/2   for  resonances  I  and  Irrespectively,  though 
values  of  5/2"  and  3/2"  for  the  spin  of  resonance  I  were 
not  eliminated. 

The  observation  of  these  two  resonances  near  the 
threshold  for  a-particle  production,  both  of  which  a-decay 
to  the  ground  state  of  7Be,  while  only  the  higher  energy 
one  decays  to  the  first  excited  state  of  'Be,  led  to  the 
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hypothesis  that  the  states  might  be  describable  using 
the  APCETS  model.   The  most  straight  forward  possibility 
was  that  resonance  I  corresponded  to  the  ground  state 
of   Be  coupled  to  an  alpha  particle  while  resonance  II 
was  the  first  excited  state  (J17  =  1/2",  0.43  MeV)  coupled 
to  an  alpha  particle.  The  energy  separation  of  the  observed 
states  (-0.33  MeV)  was  close  to  the  first  excited  state 
energy  and  gave   credence  to  the  hypotheses.    This  model 
would   predict   that   the   states   should   have   spins   of 
3/2   and  1/2  ,  respectively.   These  assignments  assume  the 
extra-core  alpha  particle  to  have  zero  relative  angular 
momentum  to  eliminate  the  possibility  of  multiplets. 
Because  of  the  existing  ambiguities  and  desire  to  test  the 
model,  the  reactions    B(p,a0)  Be  and    B(p,a-|)  Be  were 
measured  for  proton  energies  from  0.8  MeV  to  3.25  MeV. 
The  excitation  curves  are  shown  in  Figure  9.   The  broad 
peak  centered  near  E   -  1.4  MeV  is  recognizable  as  being 
composed  of  two  overlapping  resonances,  especially  obvious 
at  0,  =  45°.   In  order  to  facilitate  the  analysis  of  these 
resonances  (tentatively  identified  with  the  previously 
discussed  resonances  I  and  II),  a  n  angular  distributions 
were  measured  at  incident  proton  energies  of  1.10,  1.30, 
1.45,  1.60,  and  1.90  MeV;  these  distributions  are  shown 
in  Figure  10. 
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The  angular  distributions  were  fitted  using  a  Legendre 
polynomial  expansion  as  previously  discussed.   Initial 
examination  of  the  x   measure  of  goodness-of -f i t  indicated 
that  polynomials  only  through  P4  (cosO)  were  required.   A 
pure  resonance  would  be  symmetric  around  90°  and  would  re- 
quire only  the  even  polynomials  ( Po  >  P  2  >  ^4  )  f°r  description 
of  its  angular  distribution.   Any  resonance  effects  are 
more  pronounced  in  the  back  (>90°)  angles  where  direct 
processes  are  normally  small,  and  so  these  points  were 
fitted  using  only  even  polynomials.   Most  of  the  angular 
structure  was  thus  accounted  for  using  Pq,  P  2 ,  and  P4;  the 
X   measure  of  the  quality  of  fit  did  not  indicate  the  need 
for  the  addition  of  a  P3  (cosO)  term.   The  angular  distri- 
butions in  their  entirety  were  not  symmetric  around  90° 
but  showed  a  slight  forward-to-backward  tilt,  which 
indicated  the  need  for  P-j  (cosO).   Therefore,  the  angular 
distributions  in  the  region  Ep  =  1.10  to  1.90  MeV  were 
fitted  using  only  P  g ,  P  ]  ,  P  2  >  and  P  4 .  The  Legendre  co- 
efficients resulting  from  this  fitting  procedure  are  given 

o 

in  Table  1  and  shown  in  Figure  11.   At  1.1  MeV,  the  x 

criterion  indicated  that  P?  and  P,  were  unnecessary,  their 
coefficients  were  zero  within  error.   At  1.30  MeV,  the 
coefficient  of  P  4  was  also  zero.   These  values  are  marked 
with  a  cross. 

In  the  reqion  En  =  1.1  to  1.9  MeV,  there  is  no  obvious 
peaking  of  the  odd  Legendre  coefficients  ( A -j  )  as  reported 
by  Cronin  [Cr56].   The  energy  dependence  of  Cronin's 


Figure  10.    Measured  Angular  Distributions  for  the  10B(p,a0)7Be 
Reaction  at  Selected  Proton  Energies.   Solid  lines 
are  the  Legendre  polynomial  least-squares  fits. 
Statistical  errors  are  less  than  the  size  of  the 
points. 
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TABLE  1 

Legendre  Polynomial  Coefficients  for  Angular 

Di  stri  butions  of 

10B(p,a0)7Be   Reaction 


EP 

A0 

Al 

A2 

A3 

A4 

1.1 

5.99  +.05 

-0.43±.12 

— 

— 

-- 

1.3 

15.8     ±.1 

-0.3   ±.2 

-3.3  ±.4 

-- 

-- 

1.45 

13.9     ±.1 

0.54±.2 

-6.2  ±.1 

— 

-4.05±.7 

1.5 

12.0     ±.1 

0.90±.l 

-6.6   ±.3 

— 

-2.1    ±.3 

1.9 

6.65  ±.1 

1.32±.2 

-3.2   +.3 

-0.06+.3 

-0.68+.26 

2.1 

15.3     ±.1 

0.77±.3 

-4.7   ±.4 

-2.4  ±.5 

-5.4  ±.4 

2.2 

20.3     ±.1 

1.2  +.3 

0.63±.45 

-3.50±.5 

-6.0  ±.4 

2.3 

13.5     ±.1 

0.8  ±.3 

3.35±.35 

-3.57±.5 

-3.9  ±.3 

2.5 

7.3     ±.1 

0.19±.2 

3.13±.3 

-0.8  ±.3 

-0.6  ±.2 
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coefficients  can  basically  be  reproduced  by  fitting  the 
angular  distributions  using  all  the  polynomials  Pq  through 
P * .   The  observed  peaking  of  the  odd  coefficient  near  E  p  = 
1.4  MeV  is,  therefore,  probably  a  result  of  the  fitting 
procedure  and  not  due  to  any  angular  momentum  considerations 

If  the  APCETS  model  is  correct,  the  resonances  I  and 
II  should  have  spins  of  3/2"  and  1/2",  respectively.   The 
lower  energy  resonance  would  be  expected  to  decay  by  an 
L  =  0  alpha  particle  and  would  thus  only  result  in  an  Aq 
coefficient  in  its  Legendre  fit.   This  expectation  is  con- 
sistent with  our  results,  not  considering  the  small  A] 
value  which  will  be  discussed  later.   A  1/2"  state  (for 
resonance  II)  decaying  to  the  3/2"  ground  state  of  '  3  e 
would  be  expected  to  require  P  2  for  its  description.   We 
obtain  a  significant  A  2  value  in  this  region  (En  ^  1.5  MeV) 
but  we  also  have  A 4  being  non-zero  along  with  the  small  A]. 

The  smooth  energy  dependence  of  A-]  indicates  that 
there  are  some  background  processes  of  opposite  (+)  parity 
occurring,  a  not  unreasonable  possibility.   The  necessity 
of  P «    in  fitting  the  angular  distributions  around  the 
higher  energy  resonance  might  be  caused  by  some  process 
other  than  alpha-particle  cluster  state  formation.   Another 
level  which  does  not  fit  into  the  APCETS  scheme  might  exist 
in  this  energy  region  (another  level  has  been  postulated 
by  Overley  and  Whaling),  or  some  other  process  might  be 
taking  place.   Support  is  given  to  the  possibility  of  al- 
ternative explanations  by  close  examination  of  the  energy 
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dependence  of  the  coefficients. 

The  A2  coefficient  does  not  appear  to  peak  exactly 
at  the  energy  of  the  upper  resonance  (Ep  =  1.5  MeV,  see 
Figure  9),  indicating  that  it  is  not  entirely  a  result  of 
that  resonance.   Secondly,  the  A4  coefficient,  though  it 
does  appear  to  peak  at  this  resonance  (II)  energy,  peaks 
as  a  result  of  only  one  point  (one  angular  distribution) 
and,  if  the  A  4  /  A  g  ratio  is  examined  (Figure  12),  the  energy 
dependence  is  fairly  smooth  when  the  error  bars  are  taken 
into  consideration.   We  cannot  therefore  rule  out,  from 
our  data,  the  possibility  that  the  two  states  seen  near 
Ep  =  1.20  MeV  and  1.50  MeV  are  APCETS  and  have  spins  of 
3/2"  and  1/2",  respectively. 

Computation  of  the  Z  amplitudes  (See  Sect.  Ill,  B.) 
for  the  assignments  made  by  Overley  and  Whaling  [0v62] 
indicates  that  the  signs  and,  to  the  first  order,  the 
magnitudes  of  the  experimental  A  |_  /  A  g  ratios  are  consistent 
with  their  assignments.   Those  authors  calculated  the 
B  (  p  ,  p  )   B  cross-section  using  a  simplified  R  -  matrix 
formalism  with  the  resonance  parameters  J71  =  5/2  ,  Er  = 
1.17  MeV,  r   -  45  keV  ,  ra  =  225  keV,  rTQT  =  300  keV,  and 
J17  =  7/2  +  ,  ER  -  1.50  MeV,  TD  =  90  keV  ,  Ta    =  100  kev  ,  rT  = 
250  keV.   The  parameters  for  the  7/2+  (II)  states  are  con- 
sistent with  Cronin,  though  the  5/2   state  parameters  are 
not.   Both  states  would  be  produced  by  s-wave  protons  with 
channel  spins  5/2+  and  7/2+,  respectively,  although  no 
interference  effects  were  included  in  their  calculations. 


Figure  11.    The  Legendre  Coefficient  Resulting  from  the 

Fits  to  the  "I^B(p,ao)^Be  Angular  Distributions; 
Coefficients  of  Polynomials  Pq  through  P4. 
Calculated  errors  are  shown.   The  solid  line 
represents  a  smooth  curve  drawn  through  the 
data  points.  A3  and  A4  =  0. 


*  -  P2  not 
fit;  <g>  -  p 


used  in  fit;  x  -  p^ 
not  used  in  fit. 


not  used  in 
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l0B(p,aJ7Be 


Ep(MeV) 


Figure  12.   Legendre  Coefficient  Ratios  Resulting  from 

the  fits  to  the  10B(p,  o)7Be  Angular  Distribu 
tions.   The  solid  line  represents  a  smooth 
curve  drawn  through  the  data  points.   Errors 
are  shown. 
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Overley  and  Whaling  state  that  above  Ep  =  1.3  MeV,  higher 
&- values  are  actually  needed  to  describe  the  proton  scat- 
tering.  If  the  states  seen  in  the  (p,p)  scattering  are 
the  same  as  those  in  the  (  p  ,  a  ~  )  reaction,  then  the  require- 
ment for  higher  Jl-values  might  be  an  indication  of  the 
existence  of  an  opposite-parity  background,  as  previously 
discussed  concerning  the  APCETS  prediction. 

Attempts  to  reproduce  both  our  alpha  particle  data 
and  the  elastic  proton  data  simultaneously  with  Overley  and 
Whaling's  parameters   using  the   full  R-matrix  formalism 
were  not  successful.   This  failure  does  cast  some  doubt  on 
their  parameter  assignments,  which  are  inconsistent  with  the 
APCETS  model . 

The  Overley  and  Whaling  spin  assignments  of  5/2+  and 
7  /  2  +  for  resonances  I  and  II  are  also  not  consistent  with 
the  y-ray  decay  rate  [  C  h  5  6  ,  J  a  6 1  ] ,  which  requires  a  negative 
parity  state  at  1.17  MeV.   It  is  possible  that  the  (  p  ,  y  ) 
reaction  is  populating  a  different  state  from  the  (p,a) 
reaction;  the  reported  energies  and  total  widths  are 
slightly  different:   Ep  =  1.14  MeV  and  rT0T  -  540  keV  in 
the  (p,y)  reaction  [Ch56];  Ep  =  1.17  MeV  and  HOT  -  300  keV 
in  the  (p,a)  reaction.   Our  Legendre  fitting  information  is 
not  inconsistent  with  some  negative  parity  assignments,  the 
same  parity  as  predicted  by  the  APCETS  scheme.   Cur  data 
also  show  that  the  10.09  MeV  state  (II)  decays  by  cq  emis- 
sion, while  the  lower  level  shows  no  such  decay.   This  fact 
gives  strong  support  to  the  APCETS  model  since  we  would 
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expect  this  state  to  be  strongly  coupled  to  the  first  ex- 
cited state  of   Be.   Though  the  predictions  of  the  APCETS 
model  (3/2",  1  / 2  ~ )  and  the  assignments  of  Overley  and 
Whaling  (5/2+,  7/2+)  are  not  consistent,  our  data  cannot 
rule  out  either  set.   For  the  most  part,  this  inconsistency 
seems  to  stem  from  incomplete  data.   The  original  y-ray  and 
(p,y)  work  included  no  rigorous  calculations.   More  work 
needs  to  be  done,  especially  in  the  (p,y)  reaction,  in 
order  to  clear  up  the  confusion. 

In  the  energy  region  Ep  =  1.9  to  3.0  MeV,  the  proton 
elastic  scattering  and  an  yields  are  dominated  by  a  large 
resonance  centered  at  Ep  =  2.2  MeV  (Ex  =  1.068  MeV).   Over- 
ley  and  Whaling  [0v62]  examined  the  angular  distributions 
around  this  energy  and  concluded  that  the  resonance  was 
formed  predominantly  by  I    -    2  protons.   Of  the  spin  values 
which  can  be  formed  by  coupling  the  spin  of  the  ground  state 
of  ^(J71  =  3+)  with  d-wave  protons,  only  9/2+  and  11/2  + 
can  be  made  exclusively  by  this  coupling,  though  the  possi- 
ble values  are  l/2+  through  ll/2+.   The  maximum  cross- 
section  of  the  elastically  scattered  peak  limited  the  spin 
to  values  larger  than  5/2  [ 0 v 6 2 ] .   The  spin  value  11/2   can 
probably  be  discarded  since  it  would  require  I '  =  5  for  the 
observed  ag  decay  to  the  ground  state  in   Be.   Therefore, 
the  choice  of  7/2+  or  9/2+  remains.   The  choice  of  9/2+  is 
more  favored  for  several  reasons:   first,  a  7/2+  state 
could  decay  by  I'    =3  a-emission  to  both  the  ground  state 
and  first  excited  state  (J71  =  1/2")  of  7Be,  but  for  a  9/2  + 
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assignment,  I'    can  be  3  for  the  a  q  group  while  it  must 
be  5  for  the  a  -|  group,  thus  predicting  a  lower  liklihood 
for  the  a  -J  decay;  our  data  show  no  evidence  for  the  a  -j 
decay.   Second,  calculation  of  the  appropriate  Z  amplitudes 
favors  9/2   over  7/2   because  of  the  experimentally  ob- 
served negative  value  of  A 4  in  this  energy  region  as  shown 
in  Figure  10.   Third,  the  R - matrix  calculation  using  9/2 
as  the  spin  value  done  both  by  Over  ley  and  Whaling  and  in 
this  present  work,  reproduces  the  basic  characteristics  of 
this  resonance  in  both  the  proton  and  alpha  exit  channels. 
Overley  and  Whaling  did  find  it  necessary  to  postulate  the 
existence  of  a  7/2+  state  at  Ep  =  2.8  MeV  in  order  to 
satisfactorily  fit  their  data;  our  data  show  no  evidence 
for  the  existence  of  such  a  state.   Overley  and  Whaling 
display  no  firm  exnerimental  evidence  other  than  a  better 
fit  to  lower  energy  data. 

This  resonance  at  10.68  MeV  was  also  measured  by 
Jenkin  et  al  [ J e 6 4 ] .   The  cross-section  at  90°  for  the 
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p,ag)  reaction  in  Jenkins  measurement  is  approximately 


50%  of  that  of  Overley  and  Whaling;  no  reason  for  this 
discrepancy  is  apparent.   A  very    narrow  state  at  Ep  =  2.189 
MeV   observed  by  Bernstein  [ Be 6 5 j  in  the  reaction 

B(p,ag)  Be  is  very   weak  and  not  readily  identified  with 
the  state  in  question  because  of  its  width  (<50  keV)  as 
compared  to  the  width  as  measured  by  Overley  and  Whaling 
of  200  keV. 

Again  in  this  energy  region,  as  in  the  lower  energy 


Figure  13 


Measured  Angular  Distributions  for  the 
luB(p,ai )?Be*  Reaction  at  Selected  Proton 
Laboratory  Energies.   Solid  lines  are  the 
Legendre  polynomial  least-squares  fits. 
Statistical  errors  are  less  than  the  size 
of  the  points. 
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TABLE  2 

Legendre  Polynomial  Coefficients  for 

Angular  Distributions  of 

1  Ob  (  p  ,a-j  )?Be  Reaction 


EP 

Ao 

Al 

1 

A2 

1.45 

4.55   .5 

-2.01    .9 

1.76   .7 

1.60 

1.18   .4 

3.64    .7 

-1.28   .6 

1.9 

1.45   .02 

0.02   .03 

0.64   .05 

2.1 

1.55    .01 

0.19   .03 

0.74    .04 

2.2 

1.43    .01 

0.35   .02 

0.49   .03 

2.3 

1.43   .01 

0.43   .02 

0.51    .03 

2.5 

1.75   .01 

0.93.    03 

0.67    .04 

Figure  14.    The  Legendre  Coefficients  Resulting  from  the 

Fits  to  the  1  °B(  p  ,a-,  )  7Be*  Angular  Distributions 
The  solid  line  represents  a  smooth  curve  drawn 
through  the  data  points. 
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region,  some  odd  order  polynomials  were  necessary  for  the 

2 
fit  of  the  angular  distributions.   In  fact,  the  x   criterion 

indicated  that  both  P,  and  P,  were  necessary,  as  shown  in 
Figure  11.   If  the  spin  assignments  are  correct  (9/2   for 
the  E   =  2.2  MeV  resonance,  and  7/2   for  the  postulated 
2.8  MeV  resonance),  then  no  odd  polynomials  should  be 
necessary  since  odd  order  polynomials  result  from  interfer- 
ence of  states  of  opposite  parity.   The  appearance  of  the 
odd  order  polynomials  suggests  that  there  is  an  unidentified 
smooth  negative  parity  background.   Negative  parity  states 
(or  processes)  which  comprise  this  background  may  be  the 
cause  of  the  seemingly  inconsistent  y  decay  data.   Only 
further  experiments  will  tell.   Our  present  data  are  not  in- 
consistent with  the  Overley  and  Whaling  parameters  of  ER  = 
2 . 1 8± . 02  MeV,  Ju  =  9/2+,  and  YJQJ    cm  =  200+20  keV;  we  have 
no  measure  of  the  partial  widths  of  this  state. 
B.    12^ 

Carbon-12  is  a  nucleus  on  which  numerous  experimental 
and  theoretical  studies  have  been  performed.  The  reasons 
for  this  situation  are  many:  it  is  a  light,  stable,  even- 
even  nucleus  where  both  the  neutron  and  proton  P 3/ 2  shells 
are  filled;  the  six  protons  and  six  neutrons  lend  themselves 
to  both  cluster  and  alpha  particle  models;  it  is  an  impor- 
tant member  of  the  chain  in  certain  as trophys i cal  processes, 

and  it  is  a  readily  available  target. 

1  2 
In  order  to  populate  the  energy  levels  in    C  above 

excitations  of  25  MeV,  one  must  use  protons  of  energy  10 
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HeV  or  greater  impinging  on  ' ^ B .   The  reaction   B  +  3He 
can  form  states  above  26.3  MeV  while  the  reactions  in   B  +  d 
and   Li  +   Li  can  form  states  in  excitation  above  27.37  MeV 
and  28.175  MeV,  respectively.   In  this  work,  we  explore  the 
energy  region  of  25.8  to  28.5  MeV  through  the  reaction 
10B  +  d. 

The  region  of  excitation  between  25.2  MeV  and  28.6  MeV 
holds  great  interest  because  of  the  formation  of  T  f    0 
states.   A  T  =  1,  2+  state  at  27.9  MeV  was  predicted  using 
a  shell  model  formalism  by  Vinh-Mau  and  Brown  |_Vi62].   A 
T  =  1,  J17  =  1"  state  has  been  seen  through  the  reaction 
9Be(3He,y)12C  by  Blatt  et  aj.  [B172],  interpreted  as  a 
3p  -  3h  state.   The  existence  of  the  lowest  lying  T  =  2 
state  in  *%C    was  found  by  Nettles,  et_  aj.  L"le71]  to  occur  at 
Ex  =  27.595+.02  MeV  and  was  confirmed  by  Goosman  e_t  a_l. 
[ G o 7 4 ] .   In  other  work  in  this  energy  region  above  the 
giant  dipole  resonance  (which  occurs  at  Ex  =  22.5  MeV) 

states  have  been  reported  at  Ex  =  27.4  MeV  [Gr64]. 

1  2 
In  the  present  experiment,  the  energy  region  in    C 

from  25.8  to  28.5  MeV  was  studied  through  the  reactions 
10B(d,d)10B,  10B(d,a0)8Be,  and  ] °B (d  ,ai  )8Be*  g4  using 
incident  deuteron  energies  of  0.8  MeV  to  4.0  MeV.   Some  of 
this  energy  region  had  been  previously  explored  using  these 
same  reactions  by  Purser  e_t  aj.  [Pu63],  Din  e_t  aj.  LDi67], 
Black  et  aj.  [B170],  and  Friedland  and  Verleger  [Fr68J. 

A  typical  excitation  curve  for  the  elastically  scat- 
tered deuterons  is  shown  in  Figure  15.   This  curve  shows 
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a  minimum  occurring  at  E  d  =  2.2  MeV,  then  a  gradual  in- 
crease to  a  maximum  in  the  cross-section  at  E  d  =  3.3  MeV. 
The  data  points  were  taken  in  50  keV  steps  from  1.5  to  4.0 
MeV.   Figure  16  shows  the  angular  distributions  which  were 
measured  at  six  energies  in  this  region.   They  show  a  smooth 
energy  dependence  and  little  angular  structure. 

It  was  decided  that  the  use  of  the  optical  model  might 
give  some  insight  into  this  reaction.   Using  the  code 
JUPIT0R2  [Ta67],  the  optical  model  parameters  were  adjusted 
to  obtain  a  reproduction  of  the  angular  distributions  for 
this  elastic  scattering  reaction.   A  typical  fit  is  shown 
in  Figure  17  for  the  distribution  resulting  from  incident 
deuterons  of  energy  1.5  MeV  (Ex  =  26.4  MeV).   The  optical 
model  parameters  which  resulted  in  this  fit  are  listed  in 
Table  3.   These  parameters  are  close  to  those  used  for 
other  light  nuclei  [ P  a  6  8 ]  . 

The  energy  dependence  of  the  well  depths  was  smooth 
throughout  this  region.   Since  the  optical  model  was  suc- 
cessful in  reproducing  most  of  the  significant  features  in 
the  angular  distributions,  it  was  unnecessary  to  include 
any  resonance  effects. 


The  reactions  10B(d,aQ)7Be  (Q  =  17.82  MeV)  and 
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B(d,a-|)  Be*  (0  =  14.88  MeV)  were  performed  for  incident 
deute.ron  energies  of  0.8  to  4.0  MeV.   Typical  excitation 
curves  are  shown  in  Figure  18.   The  a  g  yield  curve  is 
dominated  by  two  distinct  resonances  centered  around 
laboratory  energies  Ed  =  1.0  MeV  and  Ed  =  2.0  MeV.   The 
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TABLE  3 

Optical  Model  Parameters  for  the 
, n      , n  Fi  t  to  the 
uB(d,d)   B  Angular  Distribution 
at  Ed  =  1 .50  MeV 


VQ  =  94.4  MeV  (25) 

Real  wel 1  depth 

W$  =  32.1  MeV  (1 1  ) 

Imaginary  well  depth  (surface) 

Ar  =  0.74  fm  ( .72) 

Real  wel 1  di  f f useness 

As  =  1 .24  fm  (1.2) 

Imaginary  well  diffuseness 

R   =  1 .24  fm  (1 .35) 
o           v     ' 

Real  well  radius 

Rs  =  1.2   fm  (1.2) 

Imaginary  well  radius 

VSQ  =    0   MeV   (0) 

Spin-orbit  well  depth 

Wv  =    0   MeV   (0) 

Volume  imagined  well  depth 

All  non-zero  parameters  (except  Rs)  were  varied  in 
order  to  obtain  a  fit  to  the  angular  distributions. 
Also  given  (in  parentheses)  are  the  initial  parameters 
used  in  the  search. 


Figure  18.  a)Excitation  Curve  for  the  l0B(d,ag)Be  Reaction 
at  Oi_ab  =  90°  for  Laboratory  Deuteron  Energies 
of  0.8  MeV  to  4.0  MeV 
b)Excitation  Curve  for  the  "IOB(d,ai)^Be*  Reaction 
at  0|_ab  =  150°  for  Laboratory  Deuteron  Energies 
of  0.8  MeV  to  4.0  MeV. 

Both  curves  are  laboratory  yield  versus  deuteron 
energy.   Statistical  errors  are  shown.   Solid 
lines  are  to  guide  the  eye. 
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lower  energy  resonance  is  narrower  than  the  higher  energy 
one.   The  a i  excitation  curve  exhibits  one  large  resonance 
near  Ej  =  2.1  MeV.   The  structure  of  these  curves  suggested 
the  application  of  the  APCETS  model. 

o 

The  residual  nucleus,   Be,  has  a  ground  state  with 
J77  =  0+,  T  =  0  and  a  first  excited  state  with  Jv    =    2  +  at 
2.94  MeV.   The  first  excited  state  is  relatively  broad 
(1.5  MeV)  compared  to  the  ground  state  and,  like  the  ground 
state,  is  unstable  to  decay.   In  this  experiment,  the  ap- 
pearance of  two  states  in  the  aQ  decay  channel  separated  by 
1  MeV  with  the  upper  one  relatively  broad  suggested  that 
these  levels  might  be  identified,  within  the  APCETS  model, 
with  the  ground  and  first  excited  states  of  "Be.   The 
measurement  of  a  resonance  in  the  a-]  decay  channel  at 
nearly  the  same  energy  as  the  upper  resonance  in  the  ag 
channel  gave  more  support  to  this  identification. 

In  order  to  attempt  to  make  spin-parity  assignments 
to  these  two  levels,  angular  distributions  were  measured 
at  11  energies  in  this  region;  these  distributions  are 
shown  in  Figure  19.   The  usual  least-square  fitting  proce- 
dure using  Legendre  polynomials  was  performed,  with  the 
resulting  fits  also  shown  in  Figure  19.   It  was  found  that 
the  fit  to  the  five  lowest  energy  distributions  (Ej  =  0.85, 
0.9,  0.95,  1.05,  and  1.20  MeV)  required  only  polynomials 

Pg  through  P4;  higher  order  polynomials  were  judged  neces- 

2 
sary  using  the  x   criterion.   The  six  remaining  distributions 

were  found  to  require  the  addition  of  P5  (cosO)  to  attain  a 
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satisfactory  X  .   The  coefficients  of  the  polynomials  are 
listed  in  Table  4  and  plotted  as  a  function  of  energy  in 
Figure  20. 

According  to  the  APCETS  model  ,  these  two  states  should 
have  J71  =  0+  for  the  state  at  Ed  -  1.0  MeV  and  J   =  2  +  for 
the  state  at  E,  =  2.1  MeV,  the  same  J's  of  the  ground  state 

o 

and  first  excited  state  in   Be.   These  assignments  are  con- 
sistent with  the  behavior  of  the  even  Legendre  coefficients 
of  Figure  20.   Namely,  only  AQ  is  involved  in  the  0   level 
at  E.  =  1.0  MeV,  whereas  AQ,  A2  and  A4  are  involved  in  the 
2+  level  at  E,  =  2.1  MeV.   Both  of  these  assignments  have 
positive  parity  and  therefore,  the  measured  angular  distri- 
butions should,  in  a  pure  two-level  representation,  require 
no  odd  polynomials  for  the  description  of  the  angular  dis- 
tributions.  The  necessity  for  the  use  of  the  odd  Legendre 
polynomials,  P.,  P3  and  P5,  indicates  that  some  interference 
effects  are  occurring.   Whatever  the  background  or  other 
level  effects  are,  those  effects  must  have  negative  parity 
.components  to  account  for  the  odd  polynomials. 

Within  the  context  of  this  experiment,  the  rise  in  the 
cross-section  beginning  around  E,  =  3.5  MeV  suggested  the 
existence  of  another  level  at  higher  energy.   If  this  level 
had  negative  parity  and  was  broad  enough  to  extend  down  in 
energy  to  the  region  of  the  other  two  levels  in  question, 
then  the  requirement  for  odd  Legendre  polynomials  might  be 
explained.   In  fact,  the  shape  of  the  excitation  curve 
(Figure  18)  does  suggest  that  such  a  level  might  have  a 
low-energy  "tail"  which  would  underlie  the  other  two  levels. 
The  existence  of  the  A,-  coefficient  indicates  that  the 
spin  of  this  level  would  need  to  be  at  least  J  =  3  if 
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TABLE  4 


Legendre  Polynomial  Coeficients  for 

ID       8 
Angular  Distributions  of   B(d,aQ)  Be  Reaction 


Ed 

Ao 

Al 

A2 

A3 

A4 

A5 

0.85 

.77±.04 

.26±.l 

-.17+. 13 

.002±.13 

-.145±.07 

—  - 

0.90 

.79+. 01 

.30±.02 

-.10+. 03 

0±  .03 

-.12 ±  .03 

--- 

0.95 

. 91±.02 

.34+-.  03 

-.07±.04 

.2    ±  .05 

-.05 ±  .04 

--- 

1.05 

.90±.02 

.33±.02 

.02±.04 

.2    ±  .04 

-.13+  .04 

--- 

1.20 

.82+. 01 

.13±.02 

.06±.03 

.26+  .04 

-.13+  .04 

--- 

1.50 

.91  +  . 01 

.08±.02 

.12±.03 

.49±  .03 

- . 06  ±  .04 

.12±.04 

2.00 

1.26±.02 

-.49±.02 

-.1  ±.03 

.84±  .04 

-.39+  .04 

.12±.05 

2.50 

1.21±.02 

-.24±.02 

-.10±.03 

-.08+  .04 

-.31  ±  .04 

.40±.05 

3.00 

1.10±.02 

-.24+-.02 

.07±.03 

-.46+  .04 

.  02  ±  .  04 

.12±.05 

3.50 

1.17±.02 

.25±.02 

-.05+. 03 

-.49 ±  .04 

.35+  .05 

. 17±. 05 

4.00 

1.34+.02 

.15±.02 

-.24+. 03 

-.65 ±  .04 

.12±  .05 

-.13+.  06 
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the  level  at  E,  =  2.1  MeV  were  a  J  =  2  level.   The  inter- 
d 

ference  between  a  J'  =  2   and  a  J   =3   level  might  exhibit 
itself  in  A,,  A.,,  and  A.  coefficients,  all  of  which  are 
present  in  the  data.   The  interference  between  the  postulated 
J77  =  0   and  J   =3"  levels  would  only  be  exhibited  in  the  A., 
coefficients;  while  no  strong  effect  can  be  identified  in 
any  of  the  odd  coefficients  around  E,  =  1.0  MeV,  the  inter- 
ference effects  would  be  expected  to  be  small  because  of  the 
large  energy  separation  between  the  two  levels. 

In  order  to  more  fully  explore  these  possible  assign- 
ments, the  Z  coefficient  products,  as  appear  in  the  equation 
given  in  Sect.  Ill,  B.,  were  calculated.   These  products  can 
be  made  to  agree  with  those  expected  for  the  0   -  2   -3" 
assignments  for  a  suitable  choice  of  magnitude  and  phases 
of  the  T-matrix  elements.   So  we  can  conclude   that  these 
data  can  be  interpreted  to  be  consistent  with  the  assignment 
of  spins  and  parities  of  0   and  2   to  the  two  states  at 
Ed  =  1.0  and  2.1  MeV. 

The  experimental  appearance  in  the  an  channel  of  a 
state  which  the  APCETS  model  identifies  as  the  first  excited 

Q 

state  of   Be  coupled  to  an  alpha  particle  is  inconsistent 
with  the  pure  APCETS  model.   Obviously,  the  wave  function 
of  the  2   state  (tentatively  assigned)  must  contain  some 
ground-state-plus-alpha  component  along  with  a  first-excited- 
state-plus-alpha  component.   A  measure  of  the  relative 
strengths  of  these  components  can  be  obtained  from  the  r  e  - 
duced  width,  y    ,  for  each  channel.  We  can  obtain  a  ratio  for 
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the  reduced  widths  from  the  experimental  data. 

Assuming  a  Breit-Wigner  form  for  the  reaction  C  •>  C 
given  by 

2J+1         rCrC 


CC 


7T^ 


(2I+l)(2i+l)  r 


[Fe60] 


TOT 


+  (E-ER) 


where  £  is  the  wave  number,  J  is  the  angular  momentum  of 
the  resonance,  I  is  the  spin  of  the  target,  i  is  the  spin 
of  the  projectile,  r   and  Tp,  are  the  partial  widths  of 

2 

the  respective  channels,  rTQT  is  the  total  width,  and  ER 
is  the  resonance  energy,  we  can  obtain  the  required  ratio. 
The  total  width  is  the  sum  of  the  partial  widths,  each  of 
which  can  be  written  as 

rc  =  2Vc- 

Here  Pc  is  the  penetrability  and  V~  is  the  reduced  width 
which  is  a  measure  of  the  probability  of  forming  the  chan- 
nel, C,  from  the  total  nuclear  wave  function.   If  we  take 
the  ratio  of  resonance  cross-section  for  two  exit  channels, 
C  and  C" ,  formed  by  the  same  incident  channel,  C,  (as  is 
the  case)  ,  we  obtai  n 

acc        rcrc      2pc^c'*2fVc 


C"C 


rc.,rc      2Pc..Yg„.  2PcYJ 


which  reduces  to 


aC  C  _  2PC  YC 
aC"C 


?-Pr»  Y 


C"  rC 


If  we  have  a  value  for  the  left  side  of  the  equation  [which 
we  obtain  from  the  measured  integrated  cross-section  for  a^ 
at  2.0  MeV  corrected  for  non-resonance  background  and  from  the 
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data  of  Figure  18  for  a,  by  assuming  an  isotropic  (i      =    0) 
angular  distribution  at  2.0  MeV]  and  can  calculate  the 
penetrabilities  (which  we  can),  we  can  then  get  a  value  for 
the  ratio  of  the  reduced  widths. 

In  the  present  case,  extracting  from  the  resonance 
yields,  we  find  that  the  yield  for  the  tentative  2   state 
in  the  a-,  channel  is  at  least  three  times  the  yield  in  the 
c*q  channel.   If  we  define  C  =  aQ  and  C"  =  «   then 


0  =  1 


P   y2 
aQ  aQ 

P  y 
al  al 


The  penetrabilities  have  the  values 

=  /  x  i  l' 
:0 


P    =  7  x  10   ,U  =  2) 

a, 


and   P    =  7  x  10   ,U  =  0) 
al 


using  r 


1 .4  fm. 


We  therefore  obtain  a  ratio  of  reduced  widths 

,,2 


Y 


01  . 


al 


This  small  value  indicates  that,  although  the  2   state  ap- 
pears in  the  ccQ  channel,  the  wave  function  describing  this 

o 

state  is  composed  mainly  of  the  first  excited  state  of   Be 
plus  an  alpha  particle. 

In  the  pure  APCETS  picture,  this  ratio  should  be  zero. 
The  fact  that  it  is  not  might  be  explained  in  at  least  two 
ways  (Also  see  Sect.  Ill,  D. ) :   The  wave  function  of  this 
state  may  have  two  components,  alpha  particle  plus  ground 
state  and  alpha  particle  plus  first  excited  state  as 
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V  -      A|a0,  8Be  >  +   B  |  a-j  ,  8Be*  > 
where  the  mixing  is  caused  by  some  residual  interaction.  A 

second  explanation  could  describe  the  formation  of  this  state 

as  a  two-step  process  where  the  alpha  particle  interacts 

o 

with  the  ground  state  of   Be,  exciting  it  and  then  falling 
into  a  new  orbit  itself.   These  two  pictures  have  different 
points  of  view  as  to  the  actual  process,  but,  in  detail,  they 
should  be  equivalent. 

This  result  lends  more  support  to  the  identification 
of  these  two  states  in  question  as  APCETS  states  based  on 

Q 

two  states  in   Be. 

c.    ]\ 

The    nucleus    nitrogen-14    has    been    studied    for    excitation 

1  3 
energies    above    7.0    MeV    through    the    reactions         C    +    p    and 

12C   +   d    (e.g.,    [Co68],[Ge66],[Ro64]).    The    levels    in    14N    above 

Ex    =    11.6    MeV    can    be    formed    by   alpha    particle    bombardment    of 


10, 


and  resonances  have  been  observed  in  the  reactions 


10„/    ,  n10d   10d,    v!3w   10d/     xl3r     .  10D,    »13r 
B(a,a  y)   b>    B(a,n)   N,    B(a,py)   C,  and    B(a,p)   C; 

see  [Ga69], [Bo56] ,  [Sh53] , [Gi 59] , [Wi 75] .   The  elastic  scatter- 
ing of  alpha  particles  by   B  has  been  studied  for  E   =  2.0 

a 

to  4.3  MeV  [Mo73]  and  for  E   =5-30  MeV  [Ga69],  [Da72]. 

a 

This  odd-odd  nucleus  has  also  been  the  object  of 

many  theoretical  calculations  of  the  shell  model  type  [Tr63], 

Nilsson  model  [So67],  and  others  (e.g.,  [Co68],  [G165],  [Ri66], 

[Pa66].   Most  of  the  theoretical  calculations  have  dealt 

with  levels  in    N  below  E   =  10.5  MeV  because  of  the  in- 

x 

creasing  complexity  of  the  states  higher  in  energy.   So,  as 


86 

with  the  experimental  results,  few  states  observed  above 

Ex  =  14.5  MeV  have  been  assigned  values  for  spin  and  parity. 

In  the  elastic  scattering  of  alpha  particles  from    B 
for  Ea<  4.2  MeV,  four  states  were  required  in  the  R-matrix 
analysis  of  the  excitation  curves  [Mo73];  the  parameters 
of  these  states  are  listed  in  Table  5.   The  first  two 
states  have  spins  of  3+  and  1  ,  respectively,  as  determined 
by  the  R-matrix  analysis.   Since  the  ground  state  of 
"■^(J71  -  3+)  and  the  first  excited  state  (J71  =  1  +  )  are 
separated  by  0.72  MeV,  the  observation  of  the  two  states  in 

N  separated  by  a  nearly  equal  amount  (0.53  MeV)  suggests 
that  the  APCETS  model  might  be  applicable.   This  possibility 
is  enhanced  by  the  fact  that  there  is  a  resonance  at  E^  = 
2.95  MeV  in  the  ] °B (u  ,a ' y) ] °B  channel  [Ga69],  indicating  that 
this  state  might  be  interpreted  as  an  L  =  0  alpha  particle 
coupled  to  the  first  excited  state  of   JB.   This  state  appar- 
Qntly  has  a  considerable  amount  of  the  ground  state  plus 
L  -    2  alpha  particle  configuration  mixed  in  since  it  is 
observed  in  the  elastic  alpha  channel.   Because  of  the  pos- 
sibility of  applying  the  APCETS  model  to  this  non-multiplet 
(La  =  0)  case,  two  further  experiments  were  undertaken. 
The    B(a,a')   B  *  reaction  was  performed  around  the  energy 
of  the  reported  ( a  ,  a  '  y  )  resonance,  and  the  elastic  scatter- 
ing measurements  were  extended  from  EQ  =  4.0  MeV  to  Ea  = 
9.0  MeV. 

The  results  of  the  B(a,a')  B  *  reaction  are  shown  in 
Figure  21.  There  is  obviously  a  resonance  observed  in  this 
channel  with  a  resonance  energy  of  EQ  =  2.95  MeV.   [The 


TABLE  5 


10B(a,a0)10B  Level  Parameters, 

E   -  2.0  to  4.0  MeV 

a 


Ea 
(MeV) 

Ex 
(MeV) 

/ 

I 

(MeV) 

F&0(arr.) 
(keV) 

rc.m. 
(keV) 

2.2U0.01 

13.19 

3+ 

0 

0.121 

15.1 

65±10 

65+10 

2.95±0.05 

13.72 

1" 

2 

0.368 

46.0 

160±20 

180±20 

3.69±0.05 

14.25 

3+ 

0 

0.145 

18.1 

360±50 

420+100 

4.26±0.01 

14.66 

2" 

3 

0.169 

21.1 

100±20 

100±20 

s.p 


Figure  21.    Measured  Cross-Section  Excitation  Curve  for 
the  ^ °B(a,ai )^ °B*  Reaction  for  Laboratory 
Alpha  Energies  of  2.7  MeV  to  3.3  MeV  at  two 
Laboratory  Angles.   Statistical  errors  are 
shown.   Solid  lines  are  to  guide  the  eye. 
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in  extracting  raQ  from  the  elastic  data  since  this  resonance 
is  quite  weak  in  the  elastic  channel.   An  additional  source 
of  difficulty  could  lie  in  the  presence  of  another  resonance 
near  this  energy.   Some  evidence  for  a  second  resonance  is 
shown  in  Figure  21  by  the  apparent  "shoulder"  in  the  cross- 
section  around  E.  =  3.05  MeV,  especially  evident  at  0.  =  60°. 

The  3   state  at  Ex  =  13.19  MeV  also  has  been  inter- 
preted as  a  possible  APCET  state;  no  evidence  for  or  against 
this  assignment  was  obtained  in  the  present  experiment.   The 
other  two  states  found  at  E   =  3.69  MeV  and  4.26  MeV  (Table5) 
do  not  fall  into  the  APCETS  scheme. 

The  extension  in  energy  of  the  elastic  scattering  of 
alpha  particles  from   B  is  shown  in  Figure  22.   These  data 
were  used  as  a  basis  for  another  R-matrix  calculation.   In 
order  to  lend  continuity  to  the  calculation,  the  parameters 
of  the  states  previously  detremined  by  Mo  and  Weller  [Mo73] 
were  used  in  the  calculation,  as  was  the  same  value  for  the 
radius  parameter,  rQ  =  1.4  fm.   Because  of  the  obvious 
complexity  of  the  structures  occurring  above  E   =  5.5  MeV, 
only  the  region  below  that  point  was  fitted  using  the 
R-matrix  calculation.   Energy  independent  boundary  condi- 
tions were  again  used  (see  Sect.  Ill,  A.  and  Appendix  A). 

The  levels  used  in  the  final  fit  are  listed  in  Table  6. 
We  again  see  a  level  at  E„  =  4.15  MeV  as  did  Mo  and  Weller. 
We  found  their  parameters  for  this  two-state  reproduced 
our  data  as  well.   The  difference  in  the  energy  of  the 
resonance  used  in  the  calculation  results  from  the  boundary 


Figure  22.    Measured  Cross-Section  Excitation  Curve  for  the 
^B(a,ao)^B  Reaction  for  Incident  Alpha 
Laboratory  Energies  of  4.0  MeV  to  9.0  MeV  at 
Four  Laboratory  Angles.   Solid  lines  are  the 
R-matrix  calculation.   Representative  statisti- 
cal errors  are  shown. 


93 


B  (<*  •  <0"B 


0  =  E  B° 


0  =  00" 


b  *» 


s=  i  s 


.'_ .  .  . .  i 


e.y  7   B 

E„  lrb    Me  V 


0,=   I    E  E° 


94 


</)  -r— 




> 

QJ 

-^ 

O 

o 

o 

o 

o 

o 

o 

o 

^ ,, 

' — 

■ — 

r— 

CM 

t — 

CM 

1 — 

CM 

+1 

+i 

+  1 

+1 

+i 

+1 

+1 

+1 

o 

o 

LO 

O 

o 

o 

o 

o 

1— E 

o 

o 

<3" 

LO 

LO 

LO 

o 

o 

o    • 

' — 

CM 

CM 

1 — 

CM 

CM 

1— o 

(-, 

> 

O) 

j*: 

o 

o 

o 

o 

o 

LO 

LO 

LO 

+1 

+1 

+1 

+1 

+1 

+1 

+1 

+i 

E 

LO 

o 

LO 

o 

o 

o 

o 

o 

r--~ 

*3- 

CM 

LO 

*3- 

o 

CO 

"ST 

CM 

a  u 

C-, 

S-5 

r^~ 

-^- 

LO 

«* 

CT> 

CO 

CO 

co 

C\J 

CM 

1 — 

i — 

CTi 

<* 

CTl 

, — 

CO 

Q 

CM 

i — 

CD 

>■ 

aj 

00 

CM 

CO 

00 

•=d- 

l-» 

1 

o^ 

00 

r-^ 

CM 

r^ 

LO 

*■ — ■" 

■ — 

o 

o 

o 

i — 

o 

o 

o 

CM 

a 

;>- 

o* 

n 

o 

CM 

- 

^ 

CO 

CM 

«3- 

t= 

i 

+ 

+ 

+ 

1 

+ 

+ 

■"3 

C\J 

CO 

^f 

<* 

LO 

<3- 

CM 

<d" 

> 

O) 

2: 

LO 

LO 

co 

^r- 

r^ 

00 

o 

CM 

CO 

LO 

LO 

— 

«* 

<=J- 

<*■ 

i_n 

LO 

LO 

LO 

LO 

X 

UJ 

> 

CM 

CO 

CM 

CM 

LO 

lo 

lo 

O 

o 

O 

O 

O 

O 

<D 

o 

CD 

s: 

+1 

+i 

+1 

+1 

+  1 

+  1 

+i 

+  1 

LO 

LO 

CO 

LO 

lo 

o 

8 

cr> 

co 

ur> 

r^ 

o 

CM 

«* 

l--~ 

LU 

co 

^r 

"=r 

■=}- 

LO 

LO 

LO 

LO 

95 


condition;  the  evaluation  of  the  shift  function  is  made 
at  a  different  average  energy.   In  their  calculations  over 
the  energy  region  Ea  =  2.0  to  4.3  MeV,  EAVg  =  3.1  MeV, 
while  the  present  calculation  was  over  the  range  4.0  to 
7.0  MeV,  giving  EAVG  =  5.5  MeV.   There  is  little  physical 
significance  in  the  resonance  energy  difference. 

The  68°  yield  curve  exhibits  a  strong  resonance  near 
Ea  =  4.75  MeV,  corresponding  to  an  excitation  energy  in  14N 
of  15.0  MeV.   A  state  near  this  energy  has  been  reported 
in  the  neutron  [ Va 73 J  and  proton  [Bo56j  exit  channels.   A 
shell  model  calculation  has  predicted  a  6"  state  near  this 
energy  [Pe65,  R  i  66 ]  ,  but  how  conclusive  this  spin  assignment 
is  could  not  be  determined.   Of  the  choices  of  J   available 
using  {-values  from  0  to  4  inclusive  (J71  =  1"  to  7+),  it 
was  found  that  the  parameters  ER  =  4.75  MeV,  J71  =  4"  ({,  =  1) 
and  ra  =  rT0T  =  250  MeV  best  reproduced  the  data  in  the 
present  experiment;  this  value  for  the  spin  (4")  is  not 
ruled  out  by  any  of  the  theoretical  calculations. 

The  energy  region  near  Ea  =  5.1  MeV  is  dominated  by  a 
large  resonance,  especially  observable  at  the  back  angles 
(150°  and  165°).   Having  the  same  possibilities  as  before, 
the  best  fit  to  the  data  was  obtained  using  parameters  for 
this  resonance  of  ERES  =  5.03  MeV,  J17  =  6+  (£,  =    4)  and 
ra   ~  rT0T  ~  60  keV.   As  with  the  previous  resonance,  the 
{-■•value  of  the  alpha  particle  is  fairly  well  defined,  but 
since  the  channel  spin  of  the  reaction  is  3+,  any  non-zero 
£-value  will  result  in  a  multitude  of  possible  J71  values. 
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A  value  of  £  =  4  can  result  in  J    values  of  1+  to  7+  when 
coupled  to  the  3+  channel  spin.   Of  these  values,  only  6+  and 
7+  can  be  formed  exclusively  by  I    =    4 ,  although  spins  1+ 
through  5+  can  be  made  by  I    =  2  alphas.   The  addition  of  1=2 
amplitudes  changes  the  angular  distribution  of  the  resonance 
cross-section  and  does  not  give  a  good  fit.   We  chose  6  +  over 
7   because  of  a  slightly  better  fit  to  the  resonance.   No 
calculations  have  indicated  a  6+  resonance  in  this  region. 
The  resonance  at  Ex  =  15.24  HeV  seen  in  the  10B(a,p3)13C 
reaction  [We73J  with  a  width  of  100  keV  might  be  identified 
with  the  state  in  question;  of  course,  if  this  identification 
is  correct,  all  of  the  reaction  width  cannot  be  in  the  a  chan 
nel.   The  decay  from  a  6+  state  might  be  more  likely  for  P3 
(to  the  3.58  MeV  5/2+  state  in  13C)  than  for  p] ,  p2,  or  p0 
because  the  lower  lying  levels  in    C  necessitate  higher 
Ji-values  for  the  proton  decay.   Finally,  attempts  to  fit  this 
6   level  into  a  rotational  band  model  were  not  successful; 
the  existence  of  the  lower  J-value  members  at  lower  energies 
is  not  obvious. 

Both  of  these  states  (at  Ea  =  4.75  MeV  and  5.1  MeV) 
have  almost  all  of  their  widths  in  the  alpha  channel,  indi- 
cating that  these  states  have  a  high  probability  of  forming 
an  alpha  particle  outside  the  ' ^ B  core.   Though  this  may  be 
the  case,  the  spins  do  not  correspond  to  any  known  low-lying 
states  in    B  and  thus  they  are  not  identifiable  as  simple 
APCET  states.   The  6+  resonance  at  15.18  MeV  has  a  reduced 
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width  of  124  keV,  exhausting  approximately  1  5ri  of  the 

2  in  2 

Wigner  single  particle  limit  (Ys.p.  :-  3/2  -^-~-)  [  W  i  4  7  ]  . 

In  order  to  more  fully  reproduce  the  excitation 
curves,  it  was  necessary  to  include  additional  states  in 
the  R-matrix  calculation.   These  states  are  listed  in 
Table  5  along  with  the  previously  discussed  levels.   The 
Ea  =  4.3  MeV,  J71  =  3+  state  was  necessary  to  cause  a 
minimum  in  the  excitation  curve  near  4.5  MeV.   The  narrow 
Ea  =  4.5  MeV,  J71  =  4+  state  was  inserted  to  obtain  the 
small  "shoulder"  in  the  68°  curve,  but  its  existence  re- 
mains somewhat  in  question.   A  state  at  E   =  5.25  MeV 
(J77  =  4")  was  used  in  order  to  better  reproduce  the  minimum 
on  the  higher  energy  side  of  the  6   resonance.  The  & -values 
of  these  resonances  are  fairly  well  determined,  but  as  has 
been  mentioned,  the  J-values  may  not  be  so  definite. 

In  the  energy  region  above  E   =  6.0  MeV  (Ex  =  15.9 
MeV),  numerous  levels  are  seen  in  both  the  elastic  scatter- 
ing and  other  reactions.   This  region  was  not  fitted  using 
R-matrix  theory  because  of  the  many  overlapping  levels. 
Since  there  are  so  many  parameters  (E^^g,  J77,  IV,  Tygy) 
necessary  to  be  specified  for  each  resonance,  the  number  of 
combinations  is  very  large  when  several  levels  overlap. 
The  R-matrix  formalism  then  becomes  unwieldly  and  another 
technique  to  extract  descriptive  parameters  should  be 
employed;  this  situation  is  also  discussed  in  [Ra70]. 

The  discrepancies  in  the  complete  descr iption  of  the 
data  for  this  reaction  (see  Figure  22)  are  probably  the 
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result  of  background  levels  not  included  in  the  calculation 
or  the  tails  of  higher  energy  resonances.   The  present 
R-matrix  calculation  does  account  for  the  major  effects 
in  this  energy  region  ( E x  =  14.5  MeV  to  16.0  MeV). 

Table  7  gives  a  relatively  complete  listing  of  the 
states  in  '  N  above  14  MeV.   This  table  is  a  revision  of 
one  given  by  Wilson  [ W i 7 5 ] . 

In  studying  the  details  of  an  R-matrix  calculation,  an 
investigation  of  the  dependence  of  the  resonance  size  and 
shape  on  the  radius  parameter  rg  was  made;  the  results  are 
shown  in  Figure  19.   As  can  be  readily  seen,  the  choice 
of  rg  is  important  in  determining  the  resonance  fit.   One 
would  expect  that  the  choice  of  a  too  small  rg  would  not 
satisfy  the  channel  orthogonality  necessary  for  the  R-matrix 
calculation  (see  Sect.  Ill,  A.)  while  a  too  large  rg  might 
not  be  physically  reasonable.   The  ratio  of  partial  widths 
^cV^TOT  for  any  channel  is  independent  of  the  channel  radius 
YAf  =  C:i2/2MCrcFcXAdS  (see  Sect.  Ill,  A.)  is  not.   The  re- 
duced width  is  proportional  to  the  overlap  between  the 
external  wave  function  y  and  the  internal  basis  set  \\- 
The  values  of  X\  are  determined  by  the  radius  for  each 
channel,  as  is  the  reaction  surface,  S.  For  example,  in- 
creasing rQ  by  14%  (from  1.4  fm  to  1.6  fm)  decreases  the 
reduced  width  by  60%  (from  0.42  MeV  to  0.17  MeV). 

We  therefore  see  that  the  details  of  an  R-matrix 
calculation  depend  on  the  choice  of  rg,  and  so  the  value 
chosen  should  be  conspicuously  specified.   The  most  satisfy- 


Figure  2  3.    Results  of  R-Matrix  Calculation  of  Level  Shape 
Dependence  for  Four  Values  of  rg  in  the 
10B(a,a)l°B  Reaction.   Cross-section  versus 
Ea(Lab).  °L  =  ^5°. 
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ing  choice  would  be  the  most  physical  one,  and  that  choice 
is  made  in  these  calculations;  that  is,  r„  =  1.4  fm. 
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TABLE  7 


N  Energy  Levels  E   =  14.4  to  18.2  MeV 


Ex 

ENTRANCE 
CHANNEL 

EXIT 
CHANNEL 

r0bs 

Jv 

REFERENCES 

14.40 

12C  +  d 

P0,P2 

VI 20 

-- 

Br66 

14.43 

10B  +  a 

Py 

V200 

— 

Bo56 

14.45 

10R     4. 

B  +  a 

P0'P2'n0 

VI 00 

-- 

Wi75 

14.46 

10R    4. 

B  +  a 

no 

V210 

Va73 

14.40 

10R     4- 

B  +  a 

aQ 

VI 00 

2"(£=3) 

a 

14.56 

10R     4. 

B  +  a 

P0'P3 

50 

Wi75 

14.58 

10R     4- 

B  +  a 

a0 

100±20 

2~U=3) 

Mo73 

14.58 

10R      4- 

B  +  a 

no 

VI 80 

-- 

Va73 

14.68 

10B  +  a 

aQ 

200 

3+(£=3) 

a 

14.70 

12C  +  d 

d 

V200 

"" 

Br66 

14.72 

B  +  a 

P0,Pr(p2),n0 

125 

-- 

Wi75 

14.73 

10B  +  a 

n0 

100 

— 

Va73 

14.82 

12C  +  d 

no 

V250 

-- 

Da72 

14.85 

12C  +  d 

P0 

200 

-- 

Bo56a 

14.85 

10B  +  a 

n0^p 

200 

— 

Bo56 

14.85 

12C  +  d 

P0,P1,P2,P3 

100 

— 

Br66 

14.86 

10R     4- 

B  +  a 

n0,(n23) 

— 

— 

Va73 

14.86 

10B  +  « 

ao 

45 

4+U=2) 

a 

14.86 

l!Cd 

aQ,d  ,p0,p3 

MOO 

-- 

Co69 

14.91 

10R    4. 

B  +  a 

P0'n0 

90 

— 

Wi75 

14.92 

10R     4- 

B  +  a 

n0'n23 

43±8 

-- 

Va73 
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TABLE    7    (continued) 


1 

r                    ENTRANCE 
x                  CHANNEL 

EXIT 
CHANNEL 

r0bs 

J71 

REFERENCES 

15.00              10B  +  a 

a0 

^250 

-- 

a 

15.00 

13C  +  p 

n 

50 

-- 

Da61 

15.02 

10C  +  d 

n0'nl 

%  60 

— 

Va73 

15.08 

10R      4. 

B  +  a 

P,n 

^  50 

-- 

Bo  56 

15.09 

12B+a 

Po 

%350 

— 

Bo56a 

15.12 

12C  +  d 

P 

%  50 

— 

Br66 

15.21 

10„    . 
B  +  a 

a0 

%  60 

6+(£=4) 

a 

15.24 

10B  +  a 

P3 

100 

-- 

Wi75 

15.26 

12C  +  d 

PrP3,d 

^250 

— 

Br66 

15.36 

10R      4. 

B  +  a 

aQ 

150      |(4)"(£=3) 

a 

15.43 

10R    a. 

B  +  a 

p2'p3 

100 

-- 

Wi  75 

15.44 

10B  +  c 

n,p 

%100 

-- 

Bo56 

15.45 

12C  +  d 

a0 

%150 

-- 

Co69 

15.47             12C  +  d 

P1 »P3»d 

^250 

-- 

Br66 

15.50 

10B  +  a 

aQ 

200 

(2)>=2) 

a 

15.58 

<2C  +  d 

P0,P3,d 

^200 

-- 

Br66 

15.68 

10B+a 

aQ 

200 

(4)V4) 

a 

15.75 

12C  +  d 

a0'al 'P0'd 

100 

-- 

Co69 

1? 
15.76              UC  +  d 

i 

n0 

^  50 

-- 

Va73 

16.10 

12C  +  d 

no 

M50 

-- 

Va73 

16.21 

10B+a 

p0'P2'n0 

125 

-- 

Wi  75 

16.40             12C  +  d 

otQ,a-| 

^200 

-- 

Co69 

16.40 

B  +  a 

p2 

150 

-- 

Wi75 
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TABLE  7  (continued) 


Ex 

ENTRANCE 
CHANNEL 

EXIT 

CHANNEL 

r0bs 

J* 

REFERENCES 

16.57 

12C  +  d 

no 

VI 00 

— 

Va73 

16.91 

10B  +  « 

po 

-- 

— 

Wi75 

16.95 

12C  +  d 

no 

M50 

— 

Va73 

16.97 

12C  +  d 

po 

^400 

— 

Co69 

17.17 

10B  +  a 

P3 

50 

-- 

Wi75 

17.27 

12C  +  d 

a0,arp0,p3,d 

V300 

-- 

Co69 

17.47 

12C  +  d 

al 

%250 

— 

Co69 

17.82 

12C  +  d 

a0 

^250 

— 

Co69 

18.02 

12C  +  d 

aQ 

MOO 

— 

Va73 

18.20 

12C  +  d 

aQ 

MOO 

-- 

Va73 

a  =  present  work 


CHAPTER  V 
CONCLUSION 


The  experiments  performed  in  this  work  were  not  de- 
signed with  only  the  alpha  particle  core-excited  threshold 
states  model  in  mind;  they  were  performed  in  an  attempt  to 
increase  the  amount  of  knowledge  concerning  three  light 
nuclei.   The  results  of  these  experiments,  when  considered 
along  with  previous  experiments,  indicated  that  a  simple 
description  might  be  appropriate. 

Prior  experiments  on   C  using  the    B ( p  ,  a  )  B  e  and 
other  reactions  (e.g.,  [Cr56],  [0v62])  indicated  the  pre- 
sence of  an  overlapping  doublet  near  Ex  =  10  MeV.   The 
energy  separation  of  these  levels  indicated  that  they  might 
be  identified  as  corresponding  to  the  ground  and  first  ex- 
cited states  of   Be  as  pictured  within  the  APCETS  model. 
In  order  to  obtain  more  exact  and  complete  measurements, 
the  reactions    B(p,aQ)7Be  and    B  (  p  ,«-.  )  Be*  were  induced 
for  excitation  energies  of  9.6  to  12.4  MeV. 

The  results  obtained  were  fairly  conclusive.   Previous 
workers  had  made  inconsistent  assignments  for  the  spins  and 
parities  of  these  states.   In  the  course  of  the  present 
work,  a  Legendre  polynomial  analysis  yielded  information 
which  indicated  that  the  APCETS  assignments  of  3/2"  and 
1/2"  for  the  two  states  were  not  inconsistent  with  the 
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data.   Explanations  were  also. found   for  some  of  the  pre- 
viously inconsistent  results.   The  new  on  results  also 
supported  these  assignments.   For  a  resonance  seen  at  a 
higher  excitation  energy,  the  results  of  the  present  ex- 
periment were  found  to  be  consistent  with  previously 
assigned  parameters.   Therefore,  in  the  case  of   C,  the 
present  results  resolved  some  previous  inconsistencies, 
gave  support  to  a  previous  set  of  level  parameters  for 
one  level,  and  supported  the  APCETS  picture  for  two  levels 
at  high  excitation  energies. 

The  final  results  for   C  were  not  as  conclusive.   At 
the  excitation  energies  covered  by  the  present    B  +  d 
reaction  (26  to  28.5  MeV),  levels  have  been  observed.   Most 
of  the  levels  in  this  energy  region  have  been  found  to  have 

isospin  greater  than  zero;  that  is,  either  T  =  1  or  2.   In 

1  7 
fact,  the  lowest  lying  T  =  2  level  in    C  has  been  found 

at  27.6  MeV  [Ne71J.   The  reactions  10B(d,a0)8Be  and 

'°B(d  ,a] )8Be*  cannot  populate  T  f    0  levels  in  the  absence 

of  isospin  mixing.   We  therefore  expect  to  only  see  T  =  0 

levels.   The  excitation  curves  for  the  a  g  and  a  -j  reaction 

products  indicated  by  both  the  separation  and  the  widths 

of  the  two  observed  levels  that  an  APCETS  identification 

might  be  possible.   The  ground  and  first  excited  states  of 

o  ,  , 

Be  have  spins  0   and  2  ,  respectively.   The  present  re- 
sults were  analyzed  in  order  to  determine  the  spins  of  the 
states  in  question.   A  Legendre  polynomial  analysis  of  the 
measured  angular  distributions  indicated  (from  the  appear- 
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ance  of  odd  polynomials)  that  .processes  other  than  the 
formation  of  two  even-parity  levels  were  occurring.   The 
postulation  of  a  higher  energy  3"  level  (only  natural 
parity  levels  can  decay  through  the  aQ  channel)  succeeded 
in  explaining  some,  but  not  all,  of  the  results.   It  was 
found  that  although  the  0+  and  2  +  APCETS  assignment  could 
not  be  ruled  out,  neither  could  a  convincing  case  for  their 
assignment  be  developed.   It  was  found  though  that  the 
relative  reduced  widths  for  the  proposed  2  +  in  the  aQ  and 
a-]  channels  did  support  the  APCETS  picture  in  that  y2   was 
much  greater  than  y2,   for  this  state. 

At  excitation  energies  of  13.2  MeV  and  13.7  MeV,  levels 


14, 


10, 


were  previously  found  in  ,HN  through  the  reaction  ' UB (a ,an ) ' °B 
which  had  the  same  spins  and  parities  as  the  ground  and  first 

excited  states  of  l0B(  3+  and  1+,  respectively)  [Mo73]. 

10        1  0  * 
Measurement  of  the    B(a,a-|)   B?  „.  reaction  cross  -secti  on 

for  alpha  energies  from  2.7  to  3.3  MeV  revealed  a  strong 
resonance  at  the  same  energy  as  the  previously  reported  1+ 
state.   This  discovery  gave  stronger  support  to  the  APCETS 
model  of  this  state.   Apparent  discrepancies  concerning  the 
partial  widths  of  this  state  were  found  and  possible  explan- 
ations were  presented. 

For  alpha  energies  of  4.0  to  9.0  MeV,  the  cross- 
section  was  dominated  by  three  large  anomalies.   Near  Ea  = 
4.75  MeV,  a  large  resonance  was  found  and,  using  an  R-matrix 
calculation,  a  set  of  level  parameters  was  obtained  for  this 
region.   This  4"  state  was  previously  unreported.   Using  the 
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same  calculation  at  Ex  =  15.2  MeV,  a  large  anomaly  was 
found  to  be  at  a  6   state  with  almost  its  entire  width  in 
the  alpha  channel.   This  resonance  may  be  correlated  with 
one  seen  in  another  reaction  [ W  i  7  5 ]  .   Attempts  to  fit  this 
6   level  into  a  rotational  band  scheme  were  not  successful. 
Assignments  for  other  levels  at  higher  excitation  energies 

werealso  made  (see  Sect.  IV,  C.)   None  of  these  assignments 

1  4 
were  consistent  with  anAPCETS  picture  for    H    based  on  the 

low-lying  states  in  '  °  B .   A  higher  energy  anomaly  (near 

Ea  =  8  MeV)  was  unanalyzed  because  of  the  complexity  of 

the  excitation  curve  in  this  energy  region. 

A  few  comments  concerning  these  three  particular 

nuclei  and  the  APCETS  model  are  in  order.   In    C,  further 

work  seems  to  be  necessary  to  substantiate  the  present 

assignments.  A  '  B(p,y)   C  experiment  could  obtain  valuable 

information  on  ''C;  previous  gamma  ray  experiments  were  in- 

1  ? 
complete.   For   C  ,  the  present  experiment  was  probably  not 

taken  far  enough.   A  more  thorough  analysis  of  the  alpha 

particle  results  (especially  the  a-,  results)  might  shed 

1  4 
more  light  on  the  problem.   In  the  case  of   M,  even  though 

the  data  were  not  exhaustive,  the  R-matrix  analysis  suc- 
ceeded in  giving  some  level  assignments.   It  has  been  found 
that  the  R-matrix  analysis  is  of  limited  usefulness  in 
energy  regions  of  many  overlapping  levels;  the  number  of 
variable  parameters  become  too  large.   Some  other  method 
may  be  more  useful  in  these  areas. 

The  present  experiments  increase  by  at  least  one  and 


Figure  25.    Level  Diagram  of  14N  with  Possible  APCETS 
Identifications 
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possibly  two,  the  number  of  nuclei  where  the  APCETS  model 
seems  to  have  some  utility.   Theoretical  calculations 

using  the  APCETS  model  have  been  made  on  two  A  =  15 

IS       15 
nuclei,  IJN  and    0,  with  some  success  [Pu74],  [Me74] .   We 

now  have  the  case  of   C  to  consider. 

The  alpha  particle  core-excited  threshold  scheme  has 
so  much  attraction  because  of  its  relative  simplicity.   Com- 
plicated models  and  theories  may  be  capable  of  reproducing 
experimental  results  but  often  at  the  sacrifice  of  physical 
"feeling."   Any  picture  which  can  describe  such  a  complicated 
object  as  the  atomic  nucleus  and  has  a  semblence  of  simpli- 
city, has  some  advantages.   It  is  much  easier  to  think  of 
some  states  of   'c  as  an  alpha  particle  interacting  with  a 
'Be  nucleus  than  to  think  of  11  separate  nucleons  interact  inn 
The  observation  that  there  is  this  alnha  particle  organiza- 
tion in  many  nuclei  (and  at  various  excitation  energies) 
appears  to  be  an  important  one.   It  seems  that  at  times  the 
alpha  particle  is  a  basic  "building  block"  in  the  nucleus, 
and  if  such  is  the  case,  the  final  description  of  nuclear 
processes  may  be  made  easier.   For  it  may  be  said  that 

When  the  answers  are    simple,  then  you 
hear  God  think.    [Br73] 
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APPENDIX  A 
MULT  I 

The  computer  code  MULTI  was  written  by  David  L. 
Sellin  of  Duke  University.   It  computes  nuclear  reaction 
cross-sections  using  a  general  multi-level,  multi-channel 
R-matrix  formalism  of  the  type  described  by  Lane  and 
Thomas  [La58].   It  is  designed  to  allow  for  the  inclusion 
of  up  to  35  channels,  20  levels,  14  different  J   values, 
and  400  calculation  points.   A  brief  description  of  the 
formalism  used  in  the  calculation  follows. 

The  R-matrix  is  given  by 


•cc 


fAcYAcl/EA-E    +    R 
A 


cc 


where,  in  this  case,  all  Rq.'s  are  set  equal  to  zero. 
This  choice  is  equivalent  to  neglecting  any  background  or 
distant  levels  other  than  those  explicitly  included  in  the 
calculation. 

The  U -  matrix  is  expressed  as 

U  =  (krpO-1  (1-RL)"1  (l-RL*)I(kr)_l2. 
In  particular,  (  k  r )  ^  and  (kr)-'2  are  diagonal  matrices  with 
components  (kcrc)2  and  (kcrc)"'2  respectively.   Here,  k  is  the 
wave  number,  1/^,  and  rc  is  the  channel  radius.   Here,  Oisa 
di agonal  matri x  wi th  components  0C  representing  the  outgoing 
states;  I  equals  the  complex  conjugate  of  0,  °*r   L  is  the 
diagonal  matrix  with  components 

116 


117 


Lc  =  5c+iPc 
where  S  c  is  the  shift  function  which  leads  to  level  shifts 

and  Pc  is  the  penetrability  which  leads  to  level  widths. 

In  order  to  calculate  U,  the  matrix  (1-RL)  must  be  inverted. 

The  other  quantities  of  the  U-matrix  can  be  rewritten 

in  terms  of  the  regular  F   and  irregular  Gc  Coulomb  wave 

functions,  which  are  solutions  to  the  radial  wave  equation 

in  the  exterior  region.   Using  these  functions, 

+  iioc 


I, 


0, 


Gr-i  F, 


where  uc  is  the  Coulomb  phase  shift.  This  phase  shift  is 
related  to  the  orbital  angular  momentum  quantum  number  tc 
and  the  Coulomb  parameter 


=  Z 


lz2e  /hvc 


where  Z]  and  Zo  are  the  charges  on  the  pair  of  reaction 


products,  and  vc  is  their  relative  velocity)  by 

^c 

1 
Jc  ■ 


E  tan  '  ( nc / n  )  . 
n  =  l 


The    penetrability   and    shift  function    can    be    written    as 


kcrc[F   2+fiZ] 


and 


-bc  +  (FrFr'+GrGr')[Fr2  +  Gr2r'! 


C     "C ' v ' C  C    C  C  '  L  c    c 
where  the  prime  means  the  derivative  rcd/drc. 

The  differential  cross-section  for  the  process 

a  ,  s^a' , s '  i  s  gi  ven  by 

da, 


as  ,a  s 


E   (2s+l 
v  ,  v  ' 


1 


Aa's«v',asv<V)|2  V 


where  v'  and  v  are    the  z  components  of  s  and  s'  respectively. 
The  matrix  A  is  expressed  as 


I  _  I   I 
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z-i- 


+  i  Z  jmM  .  m  ■  (  2  a+1  )  **(  iosv  |  MJ  )  ( £ '  m  '  s  '  v  '  |  MJ  )  xT^  s  .  z  .  >  As  £Y  J  ,  (nA  ,  )  ] 
The  CI  ebsch-Gordon  coefficients  (  j-j  m-|  j^n^  |  MJ  )  are  easily  recog 
ni  zed  and 


r 


2ia 


a'sT  ,a£s 


*'s  II J 

a's  '£'  ,as£   a'  s  '  £ '  ,a£s 


with  the  Coulomb  (or  Rutherford)  amplitudes 

CA(0A)  =  (4n)  ?n,cosec  -y-   exp[-2i  n-^  In  sin-p-]. 

The  quantities  Y1'1,  are  the  usual  spherical  harmonics. 

The  cross-sections  are  obtained  by  squaring  the  scatter 
ing  amplitudes  A  and  summing  over  projection  and  spin  quantum 
numbers.   The  resultant  expression  is 

(2s+i )|cx.(ex.) 


2s+l)^laaSja,s,/dnA 


X'  s'  ,As 


+tt"1zlbl(a's'  ,xs)PL(cosex.)  +  (4n)"!'2zJfc£l(2J  +  i)2-(J[iT^s.£l)Xs 

CAl(0A1)Pj»(cos0A,  )] 


where  P .  is  a  Legendre  polynomial  of  order  L  and  B|_  is  given 
by 


s-s 


BL(A's',As)  -    -(-1)     ^j^*^. 42.Z(*lJl^J2-.sL) 


Z(£1'J1^'J2;s'L)x(T^ls,£,5AsP)(TA?s,,,5As£)*. 

The   Z   quantities  are    discussed  in  Appendix  B. 

The  cross-sections  obtained  without  a  polarized  beam  or 
target  do  not  distinguish  between  the  various  s  and  s'  values, 
and  therefore  are  obtained  by  an  appropriate  sum  over  these 
quantities: 
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a  ,a 


s^s'gs  aa's',as 


where  the  g's  are  statistical  spin  factors  and  give  rela- 
tive probabilities  that  the  incident  particle  in  an 
unpolarized  beam  will  have  spin  s.   They  are  defined  as 

q   =  L2s±U 

s  ""  (21+1  )(2i+l  ) 

where  I  and  i  are  the  target  and  projectile  spins  respec- 
tively. 

This  formalism  considers  only  states  of  positive  energy 
and  neglects  all  electromagnetic  (Y)  transitions  in  the 
compound  nucleus.   Non-resonant  scattering  is  described  by 
the  use  of  hard-sphere  phase  shifts  calculated  by 

<|>c  =  tan"1  (Fc/Gc)  . 
Two  choices  for  boundary  conditions  are  also  possible  in 

MULT  I  :   energy  dependent,  when  bc  =  SC(E)  or  energy 

i 
independent,  bc  =  Sc(E^wg)  where  E/\vq  is  the  average  energy 

over  which  the  calculation  is  made.   Here,  Sisthe  shift  function 

(See  Chapter  III-A).   The  latter  choice  is  made. 

The  parameters  supplied  to  the  code  include  the  channels 

to  be  considered,  the  boundary  condition,  and  for  each 

resonance,  the  total  width  Tjqj,  partial  widths  for  each 

channel,  rc,  and  energy  and  J   values.   Output  is  the 

differential  center-of-mass  cross-section  as  a  function  of 

laboratory  angle  and  energy,  which  can  then  be  compared  to 

the  experimental  data. 


APPENDIX  B 
ZBAR 

The  Z  factors  appearing  in  the  expression  for  the 
angular  distribution  of  the  cross-section  (see  Chapter 
1 1 1  —  3 )  are  kinematical  factors  resulting  from  the  coupling 
of  angular  moments.  A  Z(.?-j  J-|  ^2J2  >sL)  describes  the  probabil- 
ity of  forming  a  state  of  total  angular  momentum  J,  from 
orbital  angular  momentum  ?,-]  and  channel  spin  s  or  Jo  from 
1 2    and  s.   Because  of  these  compositions,  the  triads 
(«]-], &-|,s)  and  (J2>?-2,s)  must  satisfy  the  triangle  condition, 
i.e.,  the  three  members  must  be  able  to  form  the  sides  of 
a  triangle.   If  these  conditions  are  not  met,  the  Z  factor 
vanishes.  The  same  resul  t  is  validfor  the  factor  Z(£-.  'J-i^^'Jois'L) 
describing  the  decay  of  possible  states  J -j  and  J  2  into  channels 
I]  '    and  s'  or  l^      or  s'.   To  insure  that  each  term  in  the 
summation  is  real,  s-s'  must  be  an  integer. 

Further  restrictions  on  the  elements  of  the  Z  factors 
result  from  the  fact  that  the  expression  given  in  Chapterlll-B 
is  the  decomposition  of  the  square  of  a  matrix  element  into 
Legendre  polynomials.   For  example,  the  amplitude  for  the 
compound  system  to  decay  with  the  emitted  particle  having 
orbital  angular  momentum  fc-i  '  will  interfere  with  the  amplitude 
with  final  orbital  angular  momentum  JU ' •    In  order  for  this 
interference  to  result  in  an  angular  distribution  containing 

P|_(cos0),  the  condition 
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£-|  '+  £2'  =  L 
must  be  satisfied.   This  condition  means  1-,  '  ,  £p'  anc'  L 
form  a  triangle.   The  triads  (Ji-|  ,g,2>L)  and  (J-,,  Jo>L)  must 
also  form  triangles.   From  these  criteria,  the  results 

LMAX  £  2£f1AX  or  LMAX  i  2£MAX 
are  a  consequence.   In  other  words,  the  maximum  order  of 

Legendre  polynomical  which  appears  in  the  description  of  the 
angular  distribution  must  be  less  than  or  equal  to  twice  the 
largest  value  of  the  initial  orbital  angular  momentum  (or 
final  orbital  angular  momentum),  whichever  happens  to  be 
smaller.   Finally,  the  parity  of  the  states  are  determined 
by  the  £'s;  therefore,  p- 1 +  Ji p +  L  and£-]'+£2  +L  are  even- 

The  Z  coefficients  themselves  are  calculated  using  an 
expression  given  by  Rotenberg  et  al .  [Ro59]. 

Z(abcd;ef)  =  [  (  2a  +  l  )  (  2d  +  1  )  (  2c  +  l  )  (  2d  +  l  )  (  2f  +1  )  ]'2 

a  b  e    a  c  f  . 
a  c  f    ooo 

where   {^    ?}  is  a  6-j  symbol  and  (o  o  o)  is  a  3-j  symbol. 
The  1    values  are  calculated  by  a  sub-routine  in  MULTI  and  by 
the  code  ZBAR. 

In  computing  the  values  for  the  Z  coefficients,  the 
6-j  symbols  are  evaluated  using  an  expression  given  by 
Rotenberg  [Ro59]. 

{d  c  f}  =  (-Da  +  b  +  C  +  dA(abe)A(cde)A(dbf)A(acf) 

I (-l)k(a+b+c+d+l-k)'    

k  k !  (a+b-e-k) ! (c+d-e-k) ! (a+c-f-k) ! (d+b-f-k) ! ( -a-d+e+f+k) ! ( -b-c+e+f+k)! 
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where  A(xyz)  =  [U  +  y-z)  !  (x-y  +  r)  !  (-x  +  y+z)  !  j  *   and  ^  ^^ 

(x+y  +  z  +  1 )  ! 

tion  index  k  ranges  over  all  values  which  do  not  result  in 

negative  factorial. 

The  3-j  symbols  are  calculated  using  an  expression 

given  by  Messiah  [Me 58]  : 

a  c  f  P! 

(0  o  o)  =  (-DpA(acf)- 


p-a)!(p-c)!(p-f)! 
where  2p  =  a+c+f. 

A  listing  of  the  code  ZBAR  follows  this  appendix. 
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CCL'L  c  cue 
cccccccc 


CfiL  CULR  Tlutl    OF    ZBRR    COEFf   :  ■     Hi: 
INI  UTS 


2    READ    •  5-  500  •    A,  3,  CD,  EjF 
500    FORMAT    C6FI ,  0  ' 

ZB=ZBAF  CA,BjC,B'E,F  ) 
93    WRI  ri£    i  6,600  '    A,B,f  -  D,E,F,ZB 
600    FORMAT    C3X,6F2.0- 'Z' , 1X,F6.3 
IF    ■  A  .■    5 j  2  j  2 
5    STOP 
END 


10 

11 

12 
13 

C  C  C  i 
14 


FUrlf  riON    ZEfiR'  R,  B,  C,  D,  E,  F> 

REAL    N1,N2,N3, H  ',N5,N6,N7, H3 

DIMENSION    2\  12),RC8I> 

M=Fl+C+F 

CCi  C      TE3  r  IF  A+C+F  IS  EVEN 

iF'.rr-'M  2-:'  1,2,1 

ZB=0.0 
GO  TO  900 

;CCCC  TF [ANGLE    EQUALITIES 

IFCAf-B-.E)     I 
IF' A-B+E  '     1 
IFCB-fl+E)     ! 
I  F  (  C  +  D  -  L 
I  FCC-  D-t-E 

ifcd  c+e: 

IF' R  ,-F 
IFCfi-  C  HP 
IFCC-A+F 

ifcb+d-f: 

I  F  (.  B  -D+F 


1  ,  6 
1  ,  ? 
1  ,  S 


1,10,10 
1,11,11 

1,12,12 

1 ,  1 3 ,  j  : 


IFCD-B+F  ■  1,14,14 

CCCC      CALCULATION  OF  6-J-'  RVMBOI 

S'  1  '=fl+B-E 

S«  2  '=C  Hi-E 

S<4  .=B  +  n-F 

S<5)=E+F-fi-D 

S'  6 '=E+F-B~C 

C  C  C  i".      Firm  V  A  L  U  E  S  F  0  R  S  U  M  M  A  T 1 0  N  I N  D  E !: 

NINES'  1 ) 

DO  402  1=1,4 

IFCNIN-SCI  '  •  402?  402,401 


401 

MIN=S' I . 

402 

CONTINUE 
HZMAX=MIN+1 
RC1 >=-S' 5) 
R(2>=-S' 6) 

R  i    -:  >     0  .  0 

MAX=R<1  ' 

DO    602    !     1 

I  F    ■  MA! !-  F''  '  •  ■    60  1  ,  602,  60; 

601 

MAX:   r    ,    T    . 

6  0  2 

OONi  1  HUE 

NzriJ :i  =MR  :+i 

IF'  NZM i N-N2MAX  '    40  h 403, 1 

403 

ZB    O 

cue 

;CCCC             SUMMFU ! ON    FOP          I 
DO    20    M =NZM ! N, NZMAX 
Z-M-l 

SVMBOl 

24 


Ni  =  >  ml  •     ,- 

N3  =  :+l.  i 

1(4-      ■  •     '  ■     ?  M      . 

N5=    ■■        :+i.  j 
m      :+j  . 

NT  ■      l-l.  .) 

US  -         '    ■ ' 2+1 

t=<:f  rc  ',hi,'   ■  i  h  <  iij:  >  ■  i  ii'    ii : >  i  ,i  -*Fncai6>*Fiv: 

i  F '.  1 1  -  '  1 1        ■  i  j  1 9  j  2  0 

19  r=-7 

cccccccc 

20  ZB=ZB+T 

XCCCCCi  DELTAS 

H1=R+B-E  i  1 

N2=R-I    H  ■  l 

H3=- 

N4=R+B+E+2. 

BELl=<FflC  CH!  -    CN2)  *FhC<N  :>i.'FI   N4) 

H1=C+D-E+1. 

N2=C-B+E+1 . 

M  _':-  -Ci  [  ■  .  •  • 

N4=C 

BEL2    CFl  •'  RC  '  N       '     rRi     \\4  - 

Nl=fi+C  -F  -1  . 

N2=fl-C+F  i-l  . 

H3=-R+C +F+  i . 

N4=fl+C+F+2. 

DEL3=    FRCf.H       -  'ii.        F  V.  ,  li        '    FRC  '  114  ■ 

N1=B*D-F+1. 

N2=B-D+F+1. 

H3=-B+I 

N4=B+B+F+2. 

DEL  ■  .....    FRC,  M  ,  , 

ZB=Zt  I  IEL4) 

CCCCCCCC  IFUTR1 [ON    OF    3-J    SYMBOL 

T='  2.   '  +  1. 

Nl=T-fl 
N2=T-C 
N3=T-F 
M=T+F-i . a 
DF=T 

T=SQRT<  (2.*F+1.  '*BEL  3)*FFlC<DF)/<FflC  <N1     *rFRC'  N2  "*FflCCN3 
IF  CM-'  II    2)*2)    £2j23j22 

22  T=-T 

23  ZB=SQRT< <  1. -h+1 .  .*■  2.*6+1 . >*2.*C+1 .  >*<2.*D+1 .  '  >*ZB*T 
CCC :CCf       FINRL  VALUE 

908  ZBHR=ZB 
RETURN 
END 

FUNCTION  FRC 
CCCC GCCC         i OR IRLS 

I=V 

FRC=1 . 0 

IF  (1-2)  193 j  103.  131 
131  DO  102  i  =  2<  I 

: :  i  =  j  - 1 

102  FRC=!  :T  -  F 

103  coin  I  HUE 
RETURN 

END 


N7>*l  Hi   m-I: 


APPENDIX  C 


1  p 
The  self-supporting  foils  of  enriched    B  which  were 

necessary  for  the  experiments  were  made  by  evaporation 

techniques.   The  evaporation  of  boron  required  the  use  of 

electron  bombardment  so  as  to  reach  a  temperature  near  its 

melting  point  of  2300°C.   The  mounting  of  the  foils  onto 

target  frames  was  also  difficult  and  tedious.   In  order  to 

facilitate  the  process  for  anyone  who  might  desire  boron 

foils  for  experimental  purposes,  a  few  production  details 

are  given. 

(1)  New,  unused  glass  microscope  slides  were 
used  as  the  base  onto  which  the  boron  was  evap- 
orated.   Previously  used,  cleaned  slides  did 
not  provide  much  success. 

(2)  The  boron  powder  used  in  the  electron  gun 
apparatus  was  "packed"  before  bombardment  by 
dousing  it  with  alcohol  and  allowing  the  alcohol 
to  evaporate. 

(3)  Boron  has  a  great  tendency  to  sputter  when 
heated;  this  sputtering  can  damage  the  slides. 
To  eliminate  the  possibility  of  damage,  the 
boron  being  heated  was  shadowed  from  the  slides 
by  a  shutter  until  the  boron  had  melted  and 

spu tter i  ng  ceased . 
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(4)  A  very  thin  film  of  boron  was  evaporated 
onto  the  slides  and  was  allowed  to  oxidize  in 
air  for  approximately  one  hour.  The  oxidized 
boron  acted  as  a  release  agent.  An  alternate 
release  agent  which  was  used  with  some  success 
was  a  very  thin  layer  of  LiF  evaporated  onto  the 
si  ides. 

(5)  After  oxidation  of  the  intital  layer,  more 
boron  was  evaporated  onto  the  slides  until  a 
visible  brown  layer  was  observed.   The  vacuum 
chamber  was  purged  with  dry  nitrogen  to  minimize 
oxidation  of  the  prime  boron  layer. 

(6)  The  thin  foils  were  floated  off  the  base 
layer  on  the  surface  of  a  container  of  warm, 
still  water.   The  foils  were  then  mounted  on 
target  frames,  allowed  to  dry,  and  used  as 
targets . 
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